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ABSTRACT 
 
 
 
Natural and Anthropogenic Effects on Life History Characteristics in the Side-blotched  
 
Lizard (Uta stansburiana) 
 
 
by 
 
 
Geoffrey Smith, Doctor of Philosophy 
 
Utah State University, 2017 
 
 
 
Major Professor: Dr. Susannah S. French 
Department: Biology 
 
 
Survival is a prerequisite for successful reproduction, and is thus intertwined with 
fitness. Some physiological systems can improve survival, like the immune system, but 
compete with other processes for resources. Because animals evolved with resource 
limitation, it is important to understand how these resource-allocation decisions are made. 
To meet this end, I performed four investigations addressing how life-history 
characteristics shift in side-blotched lizards (Uta stansburiana) using laboratory studies 
and multi-year field sampling. First, I measured metabolic rates in response to different 
immune challenges and different energy states in male lizards. I found that, surprisingly, 
cutaneous biopsies were associated with a downregulation of metabolic rate, 
lipopolysaccharide injection did not affect metabolic rate, and the fastest-healing 
individuals had the largest decrease in metabolic rate, regardless of feeding treatment. In 
 iv 
 
my second experiment, female lizards were challenged with a cutaneous biopsy and 
follicle-stimulating hormone to force a trade-off between the reproductive and immune 
systems. I learned that follicle-stimulating hormone increased metabolic rates and 
cutaneous biopsies decreased them, and that a combination of both treatments reduced 
metabolic rate the most. In my third experiment, I sampled wild lizards from northern 
populations in eastern Oregon and southern populations in southern Utah. In the first 
year, longer-lived northern lizards had higher circulating corticosterone concentration, 
decreased reproductive investment, and increased microbiocidal ability, but the 
subsequent year did not hold to these trends. A subsequent common-garden experiment 
revealed that southern lizards were faster at healing cutaneous wounds, but lost much 
more body mass than the northern individuals, which healed more slowly but maintained 
body mass. Finally, I have conducted a 5-year field investigation addressing the life-
history trade-offs associated with urbanization, which reveals interesting effects of 
precipitation on survival and reproductive effort at urban and rural sites. 
(197 pages) 
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PUBLIC ABSTRACT 
 
 
  
Natural and Anthropogenic Effects on Life History Characteristics 
 
 in the Side-blotched Lizard (Uta stansburiana) 
  
Geoffrey D. Smith 
 
Survival is a prerequisite for successful reproduction, and is thus intertwined with 
fitness. Some physiological systems can improve survival, like the immune system, but 
compete with other processes for resources. Because animals evolved with resource 
limitation, it is important to understand how these resource-allocation decisions are made. 
To meet this end, I performed four directed investigations addressing how life-history 
characteristics shift in side-blotched lizards (Uta stansburiana) using laboratory studies 
and multi-year field sampling. First, I measured metabolic rates in response to different 
immune challenges and different energy states in male lizards. I found that, surprisingly, 
cutaneous biopsies were associated with a downregulation of metabolic rate, 
lipopolysaccharide injection did not affect metabolic rate, and that the fastest-healing 
individuals had the largest decrease in metabolic rate, regardless of feeding treatment. In 
my second experiment, female lizards were challenges with a cutaneous biopsy and 
follicle-stimulating hormone to force a trade-off between the reproductive and immune 
system. I learned that follicle-stimulating hormone increased metabolic rates and 
cutaneous biopsies decreased them, and that a combination of both treatments reduced 
metabolic rate the most. In my third experiment, I sampled wild lizards from northern 
populations in eastern Oregon and southern populations in southern Utah. In the first 
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year, longer-lived northern lizards had higher circulating corticosterone concentration, 
decreased reproductive investment, and increase microbiocidal ability, but the subsequent 
year did not hold to these trends. A subsequent common-garden experiment revealed that 
southern lizards were faster at healing cutaneous wounds, but lost much more body mass 
than the northern individuals, which healed more slowly but maintained body mass. 
Finally, I have conducted a 5-year field investigation addressing the life-history trade-offs 
associated with urbanization, which reveals interesting effects of precipitation on survival 
and reproductive effort at urban and rural sites. 
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CHAPTER I 
INTRODUCTION 
TOWN AND COUNTRY LIZARDS: PHYSIOLOGICALECOLOGY 
 OF SIDE-BLOTCED LIZARDS ACROSS 
 A VARIABLE LANDSCAPE1 
 
Natural environments are undergoing unprecedented amounts of change due to 
various anthropogenic factors such as agriculture, urbanization, and climate change. As a 
result, all species, including reptiles, are increasingly faced with novel and unpredictable 
environments that they have not necessarily evolved to inhabit. Thus, it is critical to 
understand what mechanisms different species employ across variable natural and altered 
landscapes, and whether these altered strategies act to shape important life history 
processes. Lizards represent an ideal model to study landscape changes as they are 
territorial and can be repeatedly sampled in different environments. Further, unlike many 
organisms, certain lizard species inhabit anthropogenically altered (e.g., urban) and 
natural environments alike and thus key comparisons can be made. Our work focuses on 
how side-blotched lizards (Uta stansburiana) respond to variable environmental 
conditions and the resulting effects on fitness. We have found evidence for shifting life 
history strategies across variable landscapes, human-induced and natural alike. We have 
also observed a link between physiological responses critical to fitness and survival and 
population level changes. In this chapter, we provide an overview of our different 
                                                 
1 Coauthored by Geoffrey D. Smith, LeiLani D. Lucas, and Susannah S. French. 2017. Adapted with 
permission from pages 29-50 in W.I. Lutterschmidt, editor, Reptiles in Research: Investigations of 
Ecology, Physiology, and Behavior from Desert to Sea. Nova Science Publishers, Incorporated, New York 
City, New York, USA. 
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approaches to understanding how lizards respond to variable environments and how these 
physiological responses may influence a given population as a whole. 
 
INTRODUCTION 
 
The focus of this chapter is on common side-blotched lizards (Uta stansburiana). 
Side-blotched lizards are small phrynosomatid lizards ranging from central Washington 
south to Baja Mexico. It is one of the most common lizard species in western North 
American desert environments. Although the lizards’ diets shift depending on season, sex 
(Best and Gennaro 1984), and latitude (Pianka and Parker 1975), they are opportunistic 
insectivores (Tinkle 1967). Side-blotched lizards are sexually dimorphic with males 
being slightly larger and typically reaching 5 g, although they have been known to reach 
11 g in some populations (Sinervo et al. 2000). This species has a rich history of research, 
including extensive studies into their ecology and demography (Tinkle et al. 1962, Tinkle 
1967, Ferguson and Fox 1984), physiology (Dawson and Bartholomew 1956, Roberts 
1968, Wilson and Wingfield 1994), and behavior (Fox and Rostker 1982, Waldschmidt 
1983). A recent focus of research in this species has centered around its polymorphic 
dewlap (throat fan), which vary in color and denote alternative male strategies in terms of 
reproduction and behavior. For example, in coastal California populations, orange-
throated males are dominant and polygynous, blue-throated males are more monogamous 
mate guarders, and yellow-throated ones are “sneaker” males that mimic females and 
mate opportunistically (Sinervo and Lively 1996, Sinervo et al. 2000). As such, side-
 3 
 
blotched lizards have become a classic model to study the presence of alternative 
behavioral phenotypes and evolutionary stable strategies (Fox 1978, Fox et al. 1990, 
Sinervo and Lively 1996). Side-blotched lizards also play an important role in 
understanding the how different life history strategies develop in response to 
environmental change (Zani 2005, Zani 2008). 
As well as being among the most prolific reptiles in North America, side-blotched 
lizards are found in many habitat types (Figure 1-1). Although Tinkle (1967) observed 
that side-blotched lizards avoid thick vegetation, there have been relatively few habitat 
preference/suitability models conducted. Their range is so large that it encompasses 
several habitat types. In the northern parts of their range, side-blotched lizards are often 
seen on rocky cliffs and side canyons. On rock-strewn slopes, they use large embedded 
lava flows for basking and vegetation for refuge, although they seem to show some 
preference for escaping from predators down cliffs (Zani et al. 2009). This combination 
of vegetation and rock is also suitable for the invertebrates upon which they feed. 
In southern and more arid portions of their range, the best places to find side-
blotched lizards are along streams and arroyos (dry creek beds). Although these are desert 
reptiles that drink little or no water (garnering most of their hydration through the food 
they consume), the riparian areas along streams serve as important habitat. The complex 
substrate offers plenty of basking sites and crevices for seeking shade and hiding from 
predators. Streams are more productive ecosystems than bare deserts and provide more 
insects for the lizards to eat (Jones and Lovich 2009). The water in streams also makes 
for moister soil nearby, which improves the likelihood of a successful clutch of eggs. 
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However, side-blotched lizards are also often found in arroyos with no water at all (Jones 
and Lovich 2009). The lizards are also found in desert scrub and rocky outcroppings far 
away from streams, albeit in lower densities. 
While we typically consider the natural habitats in which animals live, it is 
important to consider the anthropogenically-altered landscapes the animals also occupy 
(Figure 1-2). Side-blotched lizards occur in urban environments, sometimes in higher 
densities than rural ones (Banville and Bateman 2012). They are found in rocky terraces 
and public parks, parking lots and even the outsides of buildings. Urban landscapes often 
have regular disturbances from traffic and construction, and also might have novel 
predators like house cats. 
 
 
 
Figure 1-1. The common side-blotched lizard (Uta stansburiana) in its (a) town and (b) 
country habitat. Photographs taken by L. Lucas and M. Bingham. 
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Figure 1-2. Representative urban habitats for common side-blotched lizard (Uta 
stansburiana) in Saint George, Utah. Photographs taken by L. Lucas and M. Bingham. 
 
 
However, urban systems typically have more reliable water sources through 
irrigation and yard watering, which can improve egg survivorship (Turner et al. 1973). 
And although side-blotched lizards might be faced with novel predators, there is usually a 
decrease in lizard diversity in urban landscapes (Germaine and Wakeling 2001), which 
might release them from competition with other lizard species found in their more natural 
habitats. 
In addition to urbanization, it is possible that even more natural side-blotched 
lizard habitat will be altered in the face of global climate change. If the earth continues its 
current warming trend, many lizard species are expected to go extinct locally or 
completely, leaving open niche-spaces for other organisms to fill (Sinervo et al. 2010). 
Given the generalist characteristics of side-blotched lizards and their wide thermal 
tolerances, they might well be among the surviving species filling empty niches. In fact, 
simulations of climate change scenarios have been shown to increase reproductive fitness 
and hatchling survival in some populations of side-blotched lizards (Clarke and Zani 
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2012). Along the same lines, positive effects on reproductive investment have been 
associated with urban disturbances (Lucas and French 2012). 
 
Studies in Life History 
Life history describes the most important events in an organism’s life, including 
development, reproduction, and death. It is the “story” of an organism’s life cycle. The 
timing and energetic expenditures into life history processes vary widely among taxa, and 
distinct strategies emerge. For instance, r/K-selection theory (MacArthur and Wilson 
1967) suggests that shorter-lived animals mature faster and place more energetic 
resources into a larger number of offspring when compared to a longer-lived species. 
Because no animal has infinite resources, energetic “choices” among competing 
processes must be made. Reproduction and self-maintenance are two examples of 
energetically costly, but vital, processes necessary for a species’ persistence (Angilletta 
and Sears 2000, Lochmiller and Deerenberg 2000, Nilsson and Raberg 2001, Martin et al. 
2003). It has been observed that reproductive investment can result in decreases in both 
survival and future reproduction (Lack 1947, 1948, Williams 1966, Lochmiller and 
Deerenberg 2000, Zuk and Stoehr 2002), and additional studies have already provided 
some support for trade-offs between self-maintenance and reproduction (Norris and 
Evans 2000, Adamo et al. 2001, Cox et al. 2010). Because immune function is necessary 
for an individual’s response to disease and parasites, the immune response is important 
for an individual’s survival (Franceschi et al. 2000, Finch and Crimmins 2004). However, 
due to the high costs associated with coping with infections, immunity can limit resources 
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for other processes, like reproduction, and potentially decrease an individual’s lifetime 
fitness (Hawlena et al. 2008). 
Some important life history patterns vary with latitude. Studies have shown 
lifespan, morphology, reproduction, and immune response vary with latitude 
(Christiansen and Moll 1973, Ashton and Feldman 2003, Olalla-Tárraga et al. 2006, 
Owen-Ashley et al. 2008, Munch and Salinas 2009). For example, amphibians show 
differing growth rates and sizes of maturity at different latitudes (Merilä et al. 2000, 
Morrison and Hero 2003), and many turtle species have latitudinal trends in egg and 
clutch sizes (Iverson et al. 1993). Side-blotched lizards also have remarkably different 
life spans across their range. Northern populations tend to live longer, up to seven years 
in some cases (P. Zani, personal communication), while southern populations rarely live 
more than two years (personal observation). Pianka and Parker (1975) observed that more 
northerly populations of side-blotched lizards tended to lay fewer and larger eggs than 
southern populations, which would place them closer to the K in r/K-selection theory 
(i.e., r = larger clutch of smaller offspring; K = smaller clutch of larger offspring). 
Despite these findings, there is little direct evidence within a species to 
demonstrate differential allocation among important life history traits across a latitudinal 
gradient, or how relative investment in different traits might influence survival and 
fitness, contributing to these latitudinal patterns that have been observed. There have 
been some studies that suggest compensatory strategies produce similar outcomes in 
terms of juvenile growth rate (Conover and Present 1990) and reproductive investment 
over a season (Diaz et al. 2007), or even that higher latitudes delay maturity so 
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reproductive animals are larger and more fecund, but have decreased survival (Sears and 
Angilletta 2004). 
In attempt to extricate some of these details, our research has focused on the 
following question: Do side-blotched lizards exhibit differences in life history strategy 
across a latitudinal gradient? We expected that longer-lived animals from northerly 
populations would allocate more energy into self-maintenance than animals from 
southern populations, which would be allocating relatively more energy into 
reproduction. We expected this result due to fewer lifetime reproductive opportunities for 
southern populations. From these studies, we can determine how natural variation in 
landscape affects life history strategy. 
We also integrated this question of life history trade-offs associated with 
latitudinal change to similar tradeoffs due to anthropogenic change. This has allowed us 
to compare responses to changes occurring naturally over long periods of time (across a 
latitudinal gradient) to human-induced changes over relatively short time periods 
(urbanization). 
 
Stress as a Unifying Factor 
One of the key responses to environmental change at different scales is the 
vertebrate stress response. The vertebrate stress response is one of the most conserved 
physiological responses across taxa (Romero 2004). Stress responses are characterized by 
two event cascades, beginning with the perception of a stressor, followed by the 
activation of two neuroendocrine pathways; the sympathoadrenal system and the 
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hypothalamic-pituitary-adrenal axis (HPA) (Sapolsky et al. 2000). Activation of the HPA 
axis results in the eventual release of glucocorticoid hormones from the adrenal cortex 
and modifies circulating concentrations of glucocorticoid binding globulins (Breuner and 
Orchinik 2002). 
This is what causes an “emergency life-history stage” in animals, allowing them 
to cope with unpredicted changes in an environment as well as predicable challenging 
physiological changes on a seasonal scale (Wingfield et al. 1995, Wingfield et al. 1998, 
Wingfield and Kitaysky 2002). The emergency life-history stage is a combination of 
behavioral and physiological adjustments that allows an animal to cope with 
unpredictable events and hopefully restore its homeostatic balance (Wingfield et al. 
1998). 
The stress axis is vital to an organism’s ability to cope with predictable and 
unpredictable events alike (Wingfield et al. 1998). However, the effects of the stress 
response on an individual organism’s health are not completely understood, and might 
not always be advantageous for the animal. Ideally, physiological changes in response to 
the activation of the stress axis should increase lifetime fitness by increasing immediate 
survival (in the short-term); however, this decision may come at the cost of current 
reproduction or health, which could impact future reproductive success (over the long-
term). 
We are addressing the questions: 1) how does stress responsiveness mediate 
energetic investment into different life-history processes? 2) How do different 
environmental perturbations influence stress physiology and affect important life-history 
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traits? Along similar lines of what we expect according to latitudinal variation, we predict 
that altered stress reactivity reallocates energetic investment among different 
physiological processes, such as immunity and reproduction, according to an animal’s 
life-history strategy and the nature of the stressor. 
Thus, we would anticipate different effects of altered stress in northern relative to 
southern populations of side-blotched lizards. Similarly, we would expect differences in 
energy allocation in response to a predator attack versus urban development of habitat. 
 
Town and Country Lizards 
We apply this understanding of physiological regulation in response to stress and 
environmental variation to existing environmental concerns. For example, we are 
currently investigating the impact of various levels of human disturbance on natural 
physiological processes and the survival and fitness consequences. 
More specifically, at an individual level, our research addresses the role 
environmental stressors play in driving life history tradeoffs critical to individual fitness 
in wild animals. We are also interested in how individual-level physiological responses 
affecting survival, reproduction, and fitness translate to the population level, an important 
relationship that has yet to be tested at this level in the fields of eco-immunology and 
population ecology. 
These studies are vital to understanding how such individual changes may 
translate into alterations in the overall health of populations, potentially contributing to 
the management and preservation of organisms that live in urban landscapes. Our lab 
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investigates individual endocrine responses to the persistent perturbations of 
urbanization, and the relationship to relative investment in individual survival and 
reproductive processes in hopes of better understanding interactions between stress 
physiology, individual fitness, and population dynamics. 
To assess the relationship between stress response and fitness measures in free-
living side-blotched lizards, we examine stress physiology across both urban and rural 
landscapes, comparing populations experiencing different levels of anthropogenic 
disturbance. For example, given the dramatic and persistent levels of environmental 
change that occur during the urbanization of natural habitats, it is important to study if 
and how these organisms are able to maintain prolonged emergency life history stages. 
Although much of the research on the effects of urbanization has focused on the 
demographic changes of urban populations, recently the physiological costs of 
responding to an urban environment has begun to be investigated. It is becoming apparent 
that physiological studies are important to understand how such physiological changes in 
response to urbanization may affect survival and future reproduction (Bonier 2012). 
 
MATERIALS AND METHODS 
 
Overview 
As physiological ecologists, our lab uses an integrative approach to examine the 
mechanisms by which organisms cope with costly competing physiological demands. 
Our research involves ongoing field work to examine naturally occurring trade-offs, but 
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we also address specific mechanistic questions via controlled laboratory experiments. We 
utilize and integrate endocrine, immune, behavioral, and energetic techniques to 
investigate physiological interactions among life history processes and the role energy 
allocation plays in regulating these interactions. For example, we have validated 
hormone, immune (microbiocidal, wound healing, hemolytic complement activity), 
oxidative index, fat store, and reproductive assays in this species (French and Neuman-
Lee 2012, Lucas and French 2012). 
We will begin with an overview of the importance of side-blotched lizards as a 
model in physiological ecology studies and then a description of general methods we use 
to address our research questions. These methods are used in different capacities to 
explore a diverse array of questions. 
 
Our Reptile and Experimental Model 
In the field of environmental endocrinology (a subfield of physiological ecology), 
the ability to sample baseline hormone levels is invaluable (Bonier et al. 2009). Studies 
have shown that plasma corticosterone rapidly increases in response to capture in many 
species including reptiles (Moore et al. 1991, Moore et al. 2000, Romero 2002, Lucas and 
French 2012), and thus obtaining baseline samples (samples collected within three 
minutes of capture) is difficult in most species. Side-blotched lizards are easy to capture 
and process quickly, which is critical for ensuring the best results. This species is also 
territorial, allowing for repeat sampling of the same individuals, enabling physiological 
challenges (e.g., immune or hormone challenge) to be performed in the field, as well as 
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long-term monitoring of individuals to determine reproductive success and survival. 
Side-blotched lizards are captured via noosing, which allows for rapid retention of 
animals. The International Union for Conservation of Nature considers side-blotched 
lizards to be a ‘Species of Least Concern,’ meaning that they have been assessed and do 
not seem vulnerable to decline. There are numerous populations that are sufficiently 
abundant to allow large sample sizes to be collected and studied without harming natural 
populations. Individuals from these populations can be readily studied, relocated, and 
recaptured in the field and also adapt well to laboratory housing conditions. In addition, 
many of our manipulative studies do not require euthanasia of the animals, which then 
may be released at their point of capture (while following established protocols to prevent 
the spread of disease), further reducing our impact on the populations. 
Another key characteristic of side-blotched lizards is that they undergo discrete 
life-cycle stages (i.e., territory establishment, reproductive, non-breeding, etc.) 
throughout the year following seasonal changes (Zani 2005, Zani 2008, Zani and 
Rollyson 2011). This allows researchers to readily study the intrinsic physiology of 
different life history stages in the field. Moreover, female reproductive stages (pre-
reproductive, vitellogenic, gravid, and post-reproductive) and reproductive investment 
can be easily assessed and quantified without invasive procedures (Moore et al. 1998, 
Gilman and Wolf 2007). 
Finally, across its range there is great variation in longevity of this species. For 
example, in some of the northernmost populations in Oregon, side-blotched lizards might 
live up to seven years (P. Zani, personal communication), whereas this species is 
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relatively short-lived (1-2 years) in southern populations (Tinkle, 1967) (personal 
observations). This variation in lifespan lends itself to the comparison of important life 
history strategies among natural populations. We are able to investigate the long-term 
effects of environmental changes in the longer-lived northern populations, as well as 
transgenerational effects over a fairly short time-frame using the shorter-lived, southern 
populations. For all of these reasons side-blotched lizards present an ideal model for 
addressing the interface between an individual’s physiology and its environment. 
 
General Approaches in Physiological Ecology of Side-Blotched Lizards 
Field Techniques – Animals are acquired in the field by first locating suitable 
habitat, often rocky outcrops with a good combination of basking sites and refugia. Once 
the animal is sighted, it is captured via noosing. A small piece of string, fishing line, or 
floss is formed into a slipknot and attached to the end of a pole or stick, often a 
collapsible fishing rod. The loop is dropped over the lizard’s head and it can be lifted 
safely into the hands of the researchers. This method is much more effective than 
capturing lizards by hand (Tinkle 1967). Once captured, the animals can be bled to 
measure baseline hormone levels. This can be done quickly with side-blotched lizards, so 
a true baseline is possible. To bleed a side-blotched lizard, a heparinized capillary tube is 
used to rupture the retro-orbital sinus. If an elevated (post-stress) sample is desired, a 
uniform ‘restraint stressor’ is applied in the form of a breathable fabric bag (Moore and 
Jessop 2003). Using our techniques, a side-blotched lizard can be captured, bled, stressed, 
re-bled, and released within 15 minutes, although they are usually held to take 
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morphometric measurements later. The data produced by subsequent radioimmunoassays 
(see section below) give us a “snapshot” of the circulating plasma hormones and can be 
readily compared to other species in a wide array of studies. 
The animals are individually marked by toe-clipping. Each toe and foot can 
indicate different number with a predetermined code, so there are thousands of potential 
combinations. They are also marked with a non-toxic paint pen if more work is to 
continue at that site over the next few days. This allows us to avoid recapturing the same 
individual and optimize productivity, or “recapture” individuals by sighting them for 
population models. 
Snout-vent length (SVL) and mass are recorded, as are the sex and reproductive 
state of the animal (see below). Dewlap color is also noted, although most populations 
studied are monomorphic. The animals are released at the point of capture or transported 
back to the lab facilities. 
 
Reproductive Assessments 
Sex can be determined visually with side-blotched lizards. Males are usually 
larger and more colorful, often speckled with blue, orange, or yellow, while females are 
brown and gray and are more strongly patterned. Manually palpating the females can 
yield information regarding the reproductive state of the animal. 
The follicles are large, which ovulated eggs exceeding 1 cm in length, and can 
easily be felt by gently rolling one’s thumbs across the abdomen. Early vitellogenic, mid 
vitellogenic, late vitellogenic, and gravid states can be determined in this manner. When 
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no follicles can be felt, ventral coloration, which can change at the first ovulation of the 
season, can disclose whether the female is pre- or post-reproductive (Zani et al. 2008). 
In addition to manual palpation, we also use sonography with a portable 
ultrasound machine. We can measure egg, testes, and paired fat body sizes of lizards, 
using high resolution ultrasound. This technique has been previously validated for use in 
lizards (Gilman and Wolf 2007). While many researchers utilize palpation to assess 
reproductive state and investment, we use this novel technique to compare reproductive 
investment and energy stores in a more quantitative way. 
 
Eco-immune Assessments 
We utilize several methods to determine the capabilities and limitations of the 
immune system. The immune system is complex, so we incorporate methods that can be 
easily controlled under laboratory conditions as well as field techniques to attempt to get 
the clearest understanding of immune function. 
Microbiocidal (i.e., bacterial killing) assays are direct measures of microbiocidal 
ability. They characterize a functionally relevant immune response that involves that 
action of phagocytes, opsonizing proteins, and natural antibodies. Working under a sterile 
laminar flow hood, we perform microbial assays on both baseline and stressed plasma 
samples, following French and Neuman-Lee (2012). Because these assays assess the 
ability to eliminate an actual pathogen, they provide a functionally relevant assessment of 
host immune function. 
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The complement pathway is part of the innate immune response and consists of a 
series of proteins present in the plasma (Janeway et al. 2005). Activation of the 
complement system initiates an enzymatic cascade, which leads to bacterial cell lysis, the 
formation of chemotactic peptides that attract immune cells, an increase in phagocytotic 
clearance of infected cells, and act as the major effector of the humoral immune response 
(Mayer 1948, Janeway et al. 2005). The total hemolytic complement assay can be used to 
qualitatively measure overall pathway integrity, cell lysis, and functional activity (Mayer 
1948, French et al. 2010). 
Wound healing involves multiple immune phases (inflammatory response and 
cellular proliferation and mobilization) and therefore provides an integrative measure of 
innate immunity with a clear endpoint (Martin 1997). Animals are wounded frequently in 
the wild, so this is a very relevant test for immune competence (French et al. 2008). 
Lizards receive either a cutaneous biopsy dorsal to the pelvis using a sterile biopsy punch 
or a sham surgical procedure (control) following French et al. (2006). The wounds in all 
animals are digitally photographed immediately after biopsy and again ten days after 
biopsy, which is known to be the middle of the healing profile based on previous studies 
in reptiles (French et al. 2006). Images are then analyzed to assess wound size (e.g., area) 
using image analysis software, such that the investigator is blind to the treatment of the 
animal. 
Finally, malaria parasite load can be assessed by quantifying lizard and parasite 
DNA extracted from dried blood dots. Infection by Plasmodium mexicanum is common 
in sceloporines of the western US, and results in a chronic sub-lethal infection in most 
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cases (Schall 1982, Perkins et al. 2009), although oxygen consumption and thermal 
optima can change in infected individuals (Scholnick et al. 2010). 
Microsatellite markers are used to determine genetic differentiation among sites 
for both the P. mexicanum parasite and its side-blotched lizard host (Fricke et al. 2010). 
A genome digest library is used to search for P. mexicanum and lizard microsatellites. 
Additionally, the presence or absence of P. mexicanum parasites can also be determined 
using blood smears. A small amount of blood is smeared across a slide in the field, when 
the blood is collected, then fixed with methanol and stained. The stained slide is then 
examined under a microscope to determine parasite presence. 
 
Radioimmunoassay 
Circulating hormone levels are determined using a previously described and 
established radioimmunoassay (RIA) protocol (Moore 1986, French et al. 2006, French et 
al. 2010). Plasma is separated from the cells via centrifugation and stored at -20 ºC until 
assayed. Briefly, samples are extracted using diethyl ether, dried down, and resuspended 
in PBS buffer. Duplicates of these samples are then assayed for the appropriate hormone. 
For each sample we use an aliquot of the resuspended fractions to measure individual 
recoveries following extraction and chromatography. These recoveries are used to adjust 
the final sample concentration values to account for any losses during these procedures. 
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RESULTS AND DISCUSSION 
 
Life-History Studies 
Allocating more energy into self-maintenance processes such as immunity may 
allow an animal to live longer and have more breeding opportunities over time, and this 
seems to be the strategy employed by more northern populations of side-blotched lizards 
(Figure 1-3). This approach may improve its lifetime fitness for these northern lizards. If 
northern populations are indeed living longer and placing less energy into reproduction, 
that energy might be utilized elsewhere to promote survival for future breeding 
opportunities. Alternatively, northern populations may simply be limited by shorter 
growing seasons, and therefore not accruing the energy deficits and oxidative damage 
that the southern populations experience with longer growing seasons. 
Regardless, the immune and reproductive systems are known to compete for 
energetic resources (French et al. 2007a), so it is possible that the northern populations of 
side-blotched lizards are allocating more energy into immunity than their southern 
counterparts. Although it has been observed that animals facing immune challenges 
exhibit short-term reductions in reproductive fitness (French et al. 2007b), this might be 
muted in shorter-lived animals 
At present, we have sites across a latitudinal gradient of over 1200 km and are 
adding more sites over the coming field seasons. By taking ecologically relevant and 
functional measures of innate immunity and reproductive investment, we can draw a 
picture of the life history “choices” being made by side-blotched lizards. From our 
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preliminary studies, it appears that in southern populations, females are allocating more 
energy into reproduction and less energy into innate immunity (self-maintenance) than 
northern populations across a latitudinal gradient (Figure 1-3). 
This relationship is as expected, where shorter-lived southern animals are 
investing less in traits important for survival but more in reproduction to increase their 
lifetime fitness. Conversly, within a given season, northern females are allocating 
resources more towards self-maintenace traits important for survival in these longer-lived 
populations, and less towards immediate reproductive investment. Future studies also 
hope to assess whether northern animals may also be investing more in acquired immune 
responses, which are beneficial for longer-lived individuals (Previtali et al. 2012), or 
somatic growth, which may help improve future reproduction opportunities. Furthermore, 
in the current study northern animals exhibited a larger stress response than the southern 
populations, which could be beneficial in shutting down reproduction in the face of 
adversity and promoting survival in these slower-paced populations (Figure 1-3). An 
increase in stress reactivity during breeding had been shown to elicit reproductive 
disruption in various species and could be beneficial to fitness if an animal has multiple 
reproductive opportunities (Wingfield and Sapolsky 2003). This project is still underway 
to better understand these relationships, and how they may vary over time with changing 
environmnetal conditions. 
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Figure 1-3. Relative immune, stress response, and reproductive measures among southern 
and northern populations of side-blotched lizards. 
 
 
Stress as a Unifying Factor 
Thus far we have found intriguing, albeit complicated, results for the effects of 
stress in energy allocation decisions. For example, the downstream effects of stress are 
complicated by the duration and intensity of the stressor. Acute stress responses are 
known to have beneficial effects, such as mobilizing energy resources, while chronic 
stress responses are known to generally exert negative effects, such as excessive 
catabolism, oxidative damage, and the suppression of individual growth, reproduction, 
and immunity (Romero 2002, Moore and Jessop 2003, Bjelakovic et al. 2007, Dhabhar 
2009a, Dhabhar 2009b). 
Research in our system as well as others has recently shown that stress-induced 
hormone changes may contribute to the reallocation of resource investment between 
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competing processes (Landys et al. 2006, French et al. 2007c, Lucas and French 2012), 
and that these effects vary with the timing and duration of the stressor. Therefore, it is 
imperative to assess self-maintenance and reproductive measurements concurrently, 
individual energetic state, and the nature of the stressor, to fully realize the relationship 
between stress physiology and individual fitness. A good demonstration of the variability 
of these effects can be found when comparing acute versus chronic effects of stress on 
immunity. Previous research has established that immune function can be suppressed via 
chronic stress responses (Rook et al. 2000, Biondi 2001), but enhanced during acute 
stress. We have found similar results in side-blotched lizards, where under acute 
circumstances microbiocidal ability increases but under chronic conditions we see this 
innate immune measure suppressed (Figure 1-4). 
 
 
 
Figure 1-4. Changes in microbiocidal ability against Escherichia coli during a stress 
challenge in control versus chronically stressed lizards. 
 23 
 
In addition to suppressing immune function, prolonged stress can also lead to the 
overproduction of reactive oxygen metabolites. An animal’s oxidative index, measured as 
a combination of both reactive oxygen metabolites and antioxidants, can be used as a 
biologically relevant indicator of stress-induced effects that assesses whether an animal is 
experiencing oxidative stress (Vassalle et al. 2008, Vassalle 2009). If an individual’s 
antioxidant capacity is insufficient, reactive oxygen metabolites can exert direct 
deleterious effects on tissues, and ultimately survival (Sapolsky 1996, Bjelakovic et al. 
2007). We have found evidence for these longer term deleterious effects in animals 
exposed to urbanization, with elevated stress reactivity. 
 
Town and Country Lizards 
We are actively studying the effects of urban landscapes on side-blotched lizards. 
The Virgin River runs through Saint George in southwestern Utah and provides our lab 
with multiple field sites with similar habitat structure but variable levels of human 
disturbance. 
The riparian areas provide suitable habitat for side-blotched lizards, and several 
sections are heavily urbanized. Walking trails run alongside the stream itself, and lizards 
occur in high densities. Although these sites have good habitat, they also have regular 
disturbances from foot and bike traffic, sometimes becoming quite busy. There is 
constant noise and construction activities are common. These stressors are enhanced in 
urbanized landscapes, and as human populations continue to grow we can assume that 
urbanized habitats will become more common. 
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The urban populations of town lizards clearly have a larger stress response than 
the rural populations (Figure 1-5a). Although the baseline concentrations of 
corticosterone are slightly higher in the country lizards, the difference is not significant. 
Along with displaying a larger stress response, there is evidence that the town lizards are 
in a state of chronic stress as well, with higher reactive metabolites in their plasma 
(Figure 1-5b). During periods of chronic stress, reactive oxygen metabolites can 
accumulate resulting in oxidative damage to cells and tissues, and ultimately reducing 
survival (Finkel and Holbrook 2000, Metcalfe and Alonso-Alvarez 2010). However, if an 
animal has sufficient capacity to deal with and clear reactive oxygen metabolites they can 
minimize short-term damage and long term survival effects. Therefore, it is important to 
measure both the presence of reactive oxygen metabolites (ROMs) and the ability to bind 
to and eliminate those metabolites. For this reason, we quantified both the presence of 
ROMs and total non-enzymatic antioxidant capacity (OXY). An index of plasma 
oxidative status can then be calculated as the difference between the ROMs and the OXY 
standardized values (Vassalle et al. 2008). 
Thus far we have found compelling differences among town and country 
individuals in terms of oxidative stress (Figure 1-5b). Specifically, reactive oxygen 
metabolites were elevated and antioxidants are suppressed in urban lizards relative to 
rural individuals, indicating long-term physiological stress (Lucas and French 2012). 
Moreover, there was a positive relationship between stress reactivity and an increased 
oxidative index, suggesting that individuals with greater stress reactivity (as seen in urban 
animals) experience greater levels of oxidative stress, and this is most likely driven by 
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stress-induced increases in ROMs. If an animal’s antioxidant capacity is inadequate as 
suggested by the calculated oxidative index in our study, these ROMS can result in 
harmful effects, including altering telomere length thereby increasing the rate of 
senescence (Serra et al. 2000, von Zglinicki 2002, Epel et al. 2004). Therefore, urban 
populations experiencing elevated stress may display an increased ROM presence that 
exceed the animal’s ability to eliminate those metabolites, resulting in augmented 
senescence and in significant population-level changes, including altered survival rates 
that we observed in urban animals. 
There are also key stress-related differences in the immunocompetence between 
town and country lizards. Rural populations have stronger microbiocidal properties 
(Figure 1-6a), meaning they are better at fighting off infections than their city-dwelling 
counterparts. Additionally, country lizards were also more proficient at wound healing 
(Figure 1-6b). Getting wounded is a fact of life for free-living animals, and being able to 
heal quickly and fight associated infections is vital for self-maintenance. 
Previous studies in urban environments on similar species (i.e., ornate tree lizards, 
Urosaurus ornatus) have shown that urban animals are also more likely to be wounded, 
compounding these effects (French et al. 2008). We found that urban animals are not as 
good at either of these two relevant measures of immunity, suggesting that some elements 
of urban life damage their immune capacity. 
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Figure 1-5. Changes before and after a 10 m restraint-stress challenge in circulating 
corticosterone concentrations (a) and reactive oxygen metabolite accumulation (b) in 
urban and rural populations. 
 
 
 
Figure 1-6. Microbiocidal (a) and wound healing ability (b) in urban and rural 
populations. For all immune responses measured rural populations have higher relative 
immunocompetence. 
 
 
The constant noise, regular disturbance of habitat, and presence of novel predators 
like house cats has such an impact that their immune systems are impaired. Another 
possibility is that they are allocating energetic resources to competing systems. 
One potential competing system that requires substantial resources is 
reproduction. In fact, we found that town lizards had more eggs than country lizards 
a 
a b 
b 
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(Figure 1-7). It is a common life history strategy to spread the energetic expense of 
reproduction across many, smaller offspring. 
This is the r side of r/K-selection (MacArthur and Wilson 1967, Pianka 1972). 
However, what is so interesting about these results is that the town lizards were not just 
producing more eggs; they were producing larger eggs as well. 
Clearly, town lizards are investing more energy into reproduction than the country 
lizards. It has already been established that immune function can decrease in response to 
increased reproductive effort (Norris and Evans 2000, French et al. 2007b), and it seems 
as if lizards from urban sites are making a life history “choice” to invest more heavily 
into immediate reproduction, while country lizards are investing more into self-
maintenance. Why would they make this choice? Using population analyses, we were 
able to determine that town lizards were almost 40% less likely to survive until another 
season compared to country lizards. In response to decreased survivorship and shorter 
lifespans, investing in immediate reproduction might improve overall fitness in these 
urban populations. 
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Figure 1-7. Clutch and egg size in urban (town) and rural (country) populations. Urban 
populations have greater reproductive investment. 
 
 
In the rural populations, where survival is higher, it might improve lifetime fitness 
to invest in self-maintenance and live to reproduce in another season. Therefore, one 
choice is not necessarily better than the other; instead the alternative strategies may be 
equivalent in terms of fitness, which will hopefully be assessed by continuing longer term 
studies in our laboratory. Finally, preliminary data shows that these relationships among 
populations can fluctuate across years. We will therefore investigate how environmental 
and climatic variation over time contributes to differences in individual and population-
level performance across a variable landscape. 
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CONCLUSIONS 
 
In using the side-blotched lizard model system we hope to develop a framework 
for better understanding; 1) how physiological traits interact to determine an individual 
animal’s survival and fitness, 2) energy allocation decisions made throughout an animal’s 
lifetime, 3) how changing environmental conditions affect important energetic decisions, 
and finally 4) how individual variation in the function of key physiological systems 
affects population performance as a whole. The physiological systems we study are 
highly conserved across vertebrates, and so by studying a readily available and valued 
model animal, we hope to advance the overall knowledge not only in herpetology, but in 
the fields of ecoimmunology and ecophysiology. 
 
For my dissertation, I have used laboratory-based experiments to determine the 
costs of immune responses and immune-reproductive trade-offs, as well as the larger-
scale field projects discussed in this introductory chapter. By combining laboratory and 
field studies, I have been able to investigate these questions under highly controlled 
conditions as well as in the animals’ natural (and anthropogenically disturbed) habitats. I 
have conducted four experiments to understand what affects life-history characteristics in 
side-blotched lizards. 
 
Chapter II— Metabolic responses to different immune challenges and varying resource 
availability in the side-blotched lizard (Uta stansburiana) 
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 Immune challenges can affect animals in different ways depending on the type of 
challenge and the energy state of the animal. In this experiment, I challenged male side-
blotched lizards with lipopolysaccharide injections (a commonly-used mitogen) and 
cutaneous biopsies (an ecologically relevant and integrative immune challenge) and 
measured their metabolic response in a 2x2 design. I found that cutaneous biopsies can 
reduce metabolic rate, potentially due to sickness behavior. 
 
Chapter III— Assessing the protein and metabolic costs of a trade-off between 
reproduction and immunity 
 In the second metabolic experiment, I measured metabolic rates in female side-
blotched lizards that were challenged with a cutaneous biopsy of injection of follicle-
stimulating hormone. We found that hormone injections increased metabolic rates 
relative to the controls, and biopsies caused animals to lose more body mass than other 
treatments. We also utilized stable isotope analysis to link the material costs (protein) 
with the metabolic costs (energy) when animals face a resource-allocation decision. 
 
Chapter IV— Life-history variation with latitude in Uta stansburiana 
By sampling longer-lived side-blotched lizards in Oregon and comparing their 
physiological attributes to shorter-lived ones in Utah, I addressed pace-of-life with 
physiological parameters like corticosterone concentration, microbiocidal ability, and 
reproductive investment. In 2012, northern lizards had higher immunocompetence, higher 
baseline corticosterone, and lower reproductive investment, but this pattern shifted in 
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2013. I also conducted a common garden experiment with northern and southern animals, 
and found that southern animals respond to stress differently by achieving an anorectic 
state. 
 
Chapter V— Urbanization and life-history traits in side-blotched lizards (Uta 
stansburiana) 
 This ongoing project seeks to link the physiological attributes of individuals with 
population-level trends. Using three rural and three urban sites in Washington County, 
Utah, I have found that rural lizards have higher survival estimates, but that different 
populations respond differently to annual precipitation.  
 
Chapter VI— Conclusion 
 In this chapter, I summarize the focus of our lab’s research. I describe the trends 
we have found with multiple projects, and discuss the future directions we wish to 
explore in light of our findings.  
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CHAPTER II 
METABOLIC RESPONSES TO DIFFERENT IMMUNE CHALLENGES AND  
VARYING RESOURCE AVAILIBILITY IN THE SIDE-BLOTCHED  
LIZARD (UTA STANSBURIANA)2 
 
The energetic cost of immunity depends on many factors, including the type of 
challenge, the timing of the response, and the state of the animal. We measured changes 
in the standard metabolic rates of side-blotched lizards (Uta stansburiana Baird and 
Girard, 1852) in response to different immune challenges and nutritional states. In the 
first experiment, lizards were randomly assigned to one of four treatments: 
lipopolysaccharide (LPS) injection (to stimulate the response to a pathogen), cutaneous 
biopsy (as a proxy to a superficial wound), both injection and biopsy, or neither (control). 
Four and five days later, we measured the standard metabolic rates of the lizards. In 
response to healing a cutaneous wound, lizards reduced metabolic rate and lost body 
mass. Healing rate was also inversely related to weight loss, but LPS had no effect on 
body mass or metabolic rate. In the second experiment, a new set of lizards were 
randomly assigned to a high-food or low-food diet and administered a cutaneous biopsy. 
As in the first experiment, we observed a reduction in metabolic rate after wounding; 
moreover, this decrease was positively correlated with the rate of healing. We observed 
                                                 
2 Previously published in Smith, GD, LA Neuman-Lee, AC Webb, MJ Angilletta, DF 
DeNardo, and SS French. 2017. Metabolic responses to different immune 
challenges and varying resource availability in the side-blotched lizard (Uta 
stansburiana). Journal of Comparative Physiology B:1-10. 
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higher rates of metabolism in lizards that ate more food, but food consumption was 
unrelated to the decrease in metabolic rate following the biopsy. These experiments 
demonstrate the dynamic nature of the immune response in response to immune 
challenge and the state of the organism. 
 
INTRODUCTION 
 
The immune system is a key adaptation of living things (Medzhitov et al. 2000), 
and is essential to the survival of individuals and persistence of species. The immune 
system can be highly complex, communicating within itself and with other physiological 
systems to respond adaptively to environmental challenges (Zimmerman et al. 2010). 
Investing energy in these responses can protect an animal from infection and improve 
chances of survival, but immune responses can be energetically costly (Barr et al. 1922; 
Demas et al. 1997; Råberg et al. 2000) and compete with other physiological processes 
for limited resources, which could potentially reduce fitness (Ahmed et al. 2002; French 
et al. 2007a; Jacot et al. 2004; Lochmiller and Deerenberg 2000; Mills et al. 2010; Sanz 
et al. 2004). Conversely, other physiological processes can divert energy from the 
immune system (Ahtiainen et al. 2005; French et al. 2007b; Svensson et al. 1998). In 
addition, the immune system can divert energy from one immune response to another 
(Neuman-Lee and French 2014). If biologists are to effectively evaluate immunity, we 
must understand how organisms respond to different immune challenges. 
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Resource fluctuations are a normal aspect of environmental conditions that 
animals have faced throughout evolutionary time (Andrén and Nilson 1983; Oro et al. 
2013; White 1978), and should be considered when studying immunology in an 
ecological context. Classic immunological studies have held organisms under tightly-
controlled laboratory conditions, and although these studies are certainly useful and 
necessary, this reductionist approach may yield results that fall short in understanding 
natural responses and thus ecological relevance (Viney et al. 2005). Because trade-offs 
manifest according to resource availability (Reznick et al. 2000), researchers must 
consider the energetic state of an animal when evaluating the impacts of immune 
activation. For some animals, fighting an infection can be so energetically demanding 
that death occurs from starvation (Wobeser 2006). Alternatively, if an animal has a 
surplus of energy, trade-offs might not manifest immediately or at all (French et al. 
2007b; Neuman-Lee et al. 2015; Norris and Evans 2000). Ecoimmunology focuses on 
immune responses under conditions more likely to be found in natural environments, thus 
integrating ecology and evolution (Demas et al. 2012). 
The extent to which animals invest energy in immunity depends on not only the 
amount of energy available, but also the challenge being faced (Demas et al. 2011), as 
immunological prioritization likely varies across species and individuals (Ardia et al. 
2011; Neuman-Lee and French 2014). For example, inflammatory agents such as 
lipopolysaccharide (LPS) have been used for decades in immunological research to 
simulate an infection (Nowell 1960), while other types of challenges, such as cutaneous 
wounds, reflect injuries that occur often in natural environments and require an 
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integrative immune response that requires healing (Demas et al. 2011). Researchers have 
yet to compare how animals respond energetically to these different challenges and 
whether prioritization occurs when different challenges occur simultaneously. 
Furthermore, energy is often limiting in nature, and thus, animals may shift their 
investment of energy given their current energetic state, but it is unclear how this may 
influence their response to specific immune challenges. 
To address these gaps in knowledge, we experimentally investigated the energetic 
consequences of immune challenges in side-blotched lizards (Uta stansburiana Baird and 
Girard, 1852). In Experiment 1, we studied the metabolic costs of mounting immune 
responses when animals were given an injection of LPS, a cutaneous biopsy, or both 
challenges. We hypothesized that LPS injections and cutaneous biopsies would increase 
the standard metabolic rates and that the combination of these treatments would 
additively affect metabolism. Considering that the glucocorticoid corticosterone is likely 
related to the immune response (Klasing et al. 1987; Padgett and Glaser 2003), we also 
expected a positive relationship with circulating corticosterone and metabolic rate. In the 
second experiment, we studied the effect of energetic state on an immune response. Food 
restriction is known to reduce immunocompetence (Alonso-Alvarez and Tella 2001; 
Fargallo et al. 2002), elicit life-history trade-offs (French et al. 2007a), and alter 
metabolic rates (Liang et al. 2015); therefore, we hypothesized that limited energy would 
alter how animals respond metabolically when healing wounds. We hypothesized that 
animals on low-food intake diets would heal slower and have slower metabolisms 
compared to animals on high intake diets. Taken together, the aim of these experiments 
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was to understand how different immune responses and energetic states affect the 
energetics and efficacy of immunity. 
 
MATERIALS AND METHODS 
 
Experiment 1 
Animals and overview 
We measured the metabolic response to different immune challenges in adult, 
male side-blotched lizards, a widespread and common reptile in arid regions of the 
western United States (Stebbins 2003). Forty individuals were captured via noosing from 
Maricopa County, Arizona, USA in March 2014 under Arizona Game and Fish 
Department permit #SP667730. These lizards averaged 52.4 ± 0.3 mm in snout-vent 
length and 5.15 ± 0.09 g in mass (mean ± SEM). The lizards were collected in a 
haphazard manner, of similar body size and dewlap coloration and randomly assigned to 
treatment groups. The lizards were transported back to Arizona State University, where 
they were individually housed in 40 × 15 × 13 cm plastic terraria with paper substrate. 
The terraria were held inside environmental chambers which were programmed with a 
12L:12D photoperiod at 36 °C for the light period and 20 °C for the dark. Lizards were 
fed crickets (Fluker Farms, Port Allen, Louisiana, USA) in excess daily, except for the 24 
h prior to metabolic measurements when animals were fasted. The internal walls of the 
terraria were sprayed with water daily to raise humidity and provide droplets for lizards 
to drink. After 5 days of acclimation, each lizard was randomly assigned to one of four 
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treatments in a 2 × 2 factorial design: LPS injection, cutaneous wound, both, or neither 
(control). The animals were of similar mass across treatments (P = 0.38) at the beginning 
of the study. At the termination of the study (Day 6), we collected blood from each 
animal’s retro-orbital sinus within 3 min of handling. We centrifuged blood samples at 
2200 RPM for 10 min to isolate plasma, which was then separated, frozen, and stored at 
−80 °C until assays were performed. A timeline of procedures can be found in Table 1. 
All procedures were approved by the Utah State University (USU) and Arizona State 
University (ASU) Institutional Animal Care and Use Committees (IACUC, USU protocol 
#2068, ASU protocol #14-1354NR). 
 
Table 2-1. Timeline of procedures for Experiments 1 and 2. 
   Experiment 1    Experiment 2 
 
Before day 0a       Feeding treatments 
Day 0        Metabolic trial 
Day 1   Biopsy/wound image   Biopsy/wound image 
Day 2        Metabolic trial 
Day 3 
Day 4   LPS injection/metabolic trial  Metabolic trial/wound image 
Day 5   Metabolic trial 
Day 6   Blood sample/wound image  Blood sample/wound image 
aFeeding treatments began 4 days before the initial metabolic trial for Experiment 2. 
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Lipopolysaccharide Injection 
On Day 4 of Experiment 1, each lizard received an injection of saline or LPS (2.5 
μg g body mass−1; L3129 Sigma-Aldrich, Saint Louis, Missouri, USA) from Escherichia 
coli diluted in phosphate-buffered saline (2.5 μg LPS/20 μl). The control was an identical 
mass-adjusted volume of saline. The dose of LPS injected was chosen based off previous 
research on lizards of similar size (López et al. 2009; Uller et al. 2006) and other reptiles 
(Deen and Hutchison 2001; do Amaral et al. 2002). Injections were administered at the 
same time of day when the animals were removed from their first metabolic trial 
(described in the following). Lizards were then returned to their individual enclosures and 
given 12 h before having their metabolic rates remeasured to assess the metabolic 
consequences of the LPS injection. 
 
Cutaneous biopsy and measurements 
We simulated wounding of lizards by surgically removing a small patch of skin 
on Day 1. Once lizards were anesthetized using isoflurane gas, a biopsy tool (Miltex 
Instrument Company, York, Pennsylvania, USA) was gently twisted against the dorsal 
surface of skin, anterior to the tail, to create a 3.5 mm circular wound. The piece of skin 
was then removed with forceps. Immediately after, the wound was photographed next to 
a ruler for scale. The wounds were photographed again at the end of the study, on Day 6. 
The images were used to calculate the wound area in ImageJ software program (NIH 
Imaging). When analyzing an image, the investigator was blind to whether the lizard had 
received an injection of LPS. Lizards that did not receive a cutaneous wound (control 
 52 
 
animals) were handled and anesthetized as described above, except the plastic blunt end 
of the biopsy punch was pressed against the dorsal surface to simulate the handling 
required for a cutaneous biopsy. We placed each lizard back in its terrarium on top of a 
heating pad and waited until it was alert before returning the terrarium to an 
environmental chamber. 
 
Metabolic measurements 
We measured metabolic rates of lizards on Days 4 and 5 through closed-system 
respirometry. Days 4 and 5 were chosen as they represent the height of immune 
investment and a stress-sensitive period during the wound healing process (French et al. 
2006; Neuman-Lee and French 2014). This timeframe also allowed us to examine the 
initial metabolic response to the immunological processes involved in the wounding 
healing (i.e., pre-LPS challenge) and not the metabolic response to the surgery procedure 
itself. The second metabolic measurement coincided with both the immunological 
response to LPS and peak immunological response to wound healing, thus allowing us to 
test the interactive effects of both immune challenges simultaneously. Lizards were fasted 
for 24 h preceding the metabolic trials to limit the metabolic response to digestion. To 
promote a quiescent state during measurements, lights in the environmental chambers 
were turned off an hour before the animals were moved to the test chambers. Each animal 
was quickly removed from its housing and placed in a glass chamber (473 ml), inside an 
incubator set at 36 °C. This temperature lies within the optimal range for side-blotched 
lizards (Waldschmidt and Tracy 1983). The inside of the incubator was dark, and the 
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lizards were given an additional 2 h before measurements. Once lizards were inside glass 
chambers, the chambers were slowly filled with dry, CO2-free air. Then, an automated 
sampling regime commenced, following the protocol described by Kolbe et al. (2014). 
Briefly, air from the chambers was pushed by a mass-flow regulator through an analyzer 
for carbon dioxide (LI-6252, LI-COR, Lincoln, Nebraska, USA) after passing through 
magnesium perchlorate to remove water. Then, air flowed through a column of Drierite® 
and Ascarite® before entering an analyzer for oxygen (Oxzilla, Sable Systems, Las 
Vegas, Nevada, USA). Because metabolic rate does not scale linearly with body mass, 
but more closely to the ¾ power of body mass (Kleiber 1947), milliliters of oxygen hr−1 
were mass-adjusted for each lizard using the body mass0.75, hereafter referred to as 
mass-adjusted metabolic rate. This is the dependent variable used to determine changes in 
metabolic rate. 
 
Hormone and immune assays 
To account for potential hormonal mediation of the lizards’ responses to the 
immune challenges, we used radioimmunoassay to determine concentrations of 
circulating corticosterone, using a protocol modified from Moore (1986). Corticosterone 
was extracted from the plasma using a solution of 30% ethyl acetate:isooctane and 
assayed in duplicate for (MP Biomedicals, Lot #3R3PB-19E). Hormone concentrations 
were adjusted using individual recoveries to account for any hormone lost during 
extraction. Inter-assay coefficient of variation was 8.5%. We performed bactericidal 
assays, because these tests allow us to measure an organism’s overall capacity to fight an 
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infection, and are thus ecologically relevant (French and Neuman-Lee 2012). We 
followed the protocol outlined in French and Neuman-Lee (2012) to determine if the 
immune challenges affected the animals’ innate immunocompetence. In brief, we 
combined a 1:5 plasma dilution with CO2-independent media (plus 4 nM l-glutamine), 
104 colony producing units of E. coli (EPowerTM Microorganisms #483-237-1, ATCC 
8739, MicroBioLogics, St. Cloud, MN, USA), and agar broth on a 96-well microplate. 
We also included positive (media and bacteria with no plasma) and negative (media and 
no plasma or bacteria) controls to account for potential growth and ensure there was no 
contamination. We incubated the plate for 12 h and calculated absorbance with a 
microplate reader (300 nm, BioRad Benchmark, Hercules, CA, USA). Microbiocidal 
ability was calculated as 1 − (absorbance of sample/absorbance of positive controls) × 
100. Inter-assay coefficient of variation was 2.59%. 
 
Experiment 2 
Animals and overview 
Thirty-three adult male side-blotched lizards were captured via noosing from 
Washington County, Utah, USA in March 2015 under Utah State Department of Wildlife 
Resources COR #1COLL8382. Males were similarly sized at the beginning of the 
experiment, with snout-vent length averaging 49.5 ± 0.3 mm and mass 3.60 ± 0.10 g 
(mean ± SEM). The lizards were transported to Arizona State University in a 
temperature-controlled container within 3 days, where they were individually housed 
under identical conditions to the animals in Experiment 1. The animals were separated 
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into two groups, which were offered different amounts of food. The animals were of 
similar mass between treatments (P = 0.54) at the beginning of the study. All animals 
underwent a cutaneous biopsy as an immune challenge on Day 1. Blood samples were 
collected from the retro-orbital sinus at the end of the experiment on Day 6. Cutaneous 
biopsies, metabolic measurements, radioimmunoassays, and bactericidal assays were all 
performed using the same methods outlined above in Experiment 1, and a timeline of 
procedures can be found in Table 2-1. All procedures were approved by the Utah State 
University (USU) and Arizona State University (ASU) Institutional Animal Care and Use 
Committees (IACUC, USU protocol 2068, ASU protocol #15-1413NR). 
 
Feeding treatments 
We randomly assigned animals to one of two feeding treatments: low- or high-
food intake. Animals in the high intake group were offered two mealworms (Fluker 
Farms, Port Allen, Lousiana, USA) every other day. This schedule allowed for the lizards 
to be fasted the day prior to and during the metabolic measurements to prevent measuring 
a post-prandial metabolic response. We offered the low intake treatment group a single 
mealworm the day prior to the immune challenge, then every 4 days. Regardless of 
treatment, food was weighed before being offered to the lizards and removed the 
following day to determine intake. Although total intake (t = −3.49, P < 0.01) and mass 
lost (t = 2.20, P = 0.04) differed between treatments, feeding behavior varied with the 
individual lizards. Thus, most comparisons were made using food intake mass (g) as a 
continuous variable instead of a dichotomous level. 
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Hemolysis–hemagglutination assay 
We performed a hemolysis–hemagglutination assay following an adaptation of 
the protocol of Matson et al. (2005), to assess biopsy or feeding treatment effects on that 
aspect of their immunocompetence. As opposed to the broader bactericidal assay, the 
hemolysis–hemagglutination assay focuses more on complement activity. Furthermore, 
given the negative effect of cutaneous biopsies on microbiocidal ability in Experiment 1 
(see “Results”), we considered another immune measure warranted in Experiment 2. 
Briefly, 20 μl of plasma and 20 μl of phosphate-buffered saline were serially diluted (1:2) 
across a 96-well round (U) bottom microplate for resulting dilutions of 1:1 to 1:2048. Six 
positive controls of deionized water (100% lysis) and six negative controls of phosphate-
buffered saline (0% lysis) were present on each plate. Following the serial dilution, 20 μl 
of 1% washed sheep red blood cells (Hemostat SBH 100) in phosphate-buffered saline 
was added to every well. Plates were covered with Parafilm©, vortexed at 190 rpm for 60 
s, and incubated at 37 °C for 90 min. Plates were then tilted for 20 min at 22 °C and 
visually scored for agglutination (Epson Perfection V750 Pro). Plates were then left at 22 
°C for another 60 min to enable lysis. Following the final incubation, plates were 
centrifuged for 5 min at 500 rpm and the supernatant was aspirated and placed in a clean 
96-well microplate to measure absorbance at 405 nm. To standardize results, hemolytic-
complement activity (lysis) was expressed as CH50 units ml-1 serum, or the dilution of 
plasma that causes 50% lysis of sheep red blood cells. The mean intra-assay variation 
(SD) was ±0.2 titers for agglutination and ±0.1 titers for lysis. The mean inter-assay 
variation (SD) was ±0.4 titers for agglutination and ±0.3 titers for lysis. 
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Statistical analyses 
For Experiment 1, we used a generalized linear model to estimate the effects of 
LPS injection and cutaneous biopsy on metabolic rate and mass loss. We used a normal 
distribution, because this fit the data best. We assessed whether interactions existed 
among main effects in our factorial design, and P values were generated from the full 
models using likelihood ratios. Percent mass lost and percent wound healed were 
correlated against each other. Because feeding rates differed among individuals within 
each treatment in Experiment 2, regressions were used to measure the effect of intake (g) 
on other variables. The assumptions of normality and homogeneity of variance were 
fulfilled for these parametric tests. We also used regressions to assess the effect of wound 
healing rate on mass lost and metabolic rate. We used an alpha-level of P = 0.05, 
completed analyses in JMP 12.0.1™ (Statistical Analysis Software, Cary, North 
Carolina, USA), and created figures with GraphPad Prism 6 (GraphPad Software, San 
Diego California USA). 
 
RESULTS 
 
Experiment 1 
Overall, cutaneous biopsies affected the dependent variables in our study more 
than LPS injections did. Although there was no difference in metabolic rate between 
groups on Day 4 due to cutaneous biopsies (χ21 = 0.75, P = 0.0.39), biopsied lizards 
exhibited a reduction in metabolic rate between Days 4 and 5 that was 26.2 ± 6.2% (χ21 = 
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4.42, P = 0.04; Fig. 2-1) less than that of the controls. LPS injections had no significant 
effect on metabolic rate (χ21 = 0.26, P = 0.61; Fig. 2-2), and the effect of biopsy was 
similar for lizards injected with the LPS and those injected with vehicle solution (χ21 = 
1.677, P = 0.195). Animals in the biopsied group lost 3.8% more body mass than the 
group that received LPS (χ21 = 5.38, P = 0.02; Fig. 2-2), which were similar to animals in 
the control group (P = 0.56). There was no effect of LPS injections (χ21 = 0.34, P = 0.56) 
and no interaction (χ21 = 0.03, P = 0.87). In addition, animals that healed larger 
percentages of their biopsies lost larger percentages of their body mass (r = 0.51, P = 
0.02; Fig. 2-3). LPS injection had a marginal effect on microbiocidal ability, which was 
20.49 ± 4.96% on average (±SEM) for the LPS treatment and 11.82 ± 1.43 for the 
biopsied animals (χ21 = 3.65, P = 0.06). Microbiocidal ability was not significantly 
affected by biopsies (χ21 = 2.49, P = 0.12), and the microbiocidal effect of LPS injection 
was similar for lizards that received a biopsy and those that did not (χ21 = 2.46, P = 0.12), 
indicating no strong interaction between treatments. Plasma corticosterone concentrations 
were similar across treatments (χ2 1 = 3.98, P = 0.26) and averaged 133.96 ± 17.10 ng 
ml-1 (±SEM). LPS injections did not affect the rate of wound healing (χ21 = 0.09, P = 
0.76). 
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Fig. 2-1 Effect of treatment on the change in mass-adjusted metabolic rates in male side-
blotched lizards in Experiment 1. Bars represent means (±SEM) of the change in 
metabolic rate between Days 4 and 5. Biopsied animals (n = 20) had significantly 
reduced metabolic rates (χ21 = 4.42, P = 0.04) compared to those without biopsies (n = 
20). Animals receiving LPS injections (n = 20) did not show significant changes (χ21 = 
0.26, P = 0.61) in metabolic rate to those not receiving injections. Significant differences 
(P < 0.05) designated with asterisks 
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Fig. 2-2 Effect of treatment on the percentage of body mass lost in male side-blotched 
lizards in Experiment 1. Bars represent means (±SEM). Biopsied animals (n = 20) lost 
significantly more body mass (χ21 = 5.38, P = 0.02) compared to those without biopsies 
(n = 19). Animals receiving LPS injections (n = 20) did not show significant changes (χ21 
= 0.34, P = 0.56) in mass lost to those not receiving injections (n = 19). Significant 
differences (P < 0.05) designated with asterisks 
 
 
 
 
Fig. 2-3 Relationship of body mass percentage lost with the percentage of wound healed 
in male side-blotched lizards in Experiment 1. There is a positive correlation with mass 
lost and wound healing rate (n = 20, r = 0.51, P = 0.02) 
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Experiment 2 
 
Metabolic effects 
As in Experiment 1, there was a reduction of metabolic rate in response to the 
cutaneous biopsies over time, by an average of 22.58% between Days 2 and 4 (Fig. 2-4), 
which is a critical time period for healing in this species (Neuman-Lee and French 2014). 
In addition, a positive relationship with food intake (g food eaten g body mass−1) and 
metabolic rate developed throughout the study. Feeding treatment did not significantly 
affect the change in mass-adjusted metabolic rate throughout this study (t = 1.27, P = 
0.21), so food intake was analyzed as a continuous variable. During the first measurement 
of metabolic rate, food intake had no significant effect on SMR (R2 < 0.01, F1,31 = 0.30, P 
= 0.59). The relationship strengthened by the second measurement (R2 = 0.15, F1,31 = 
5.54, P = 0.03) and became highly significant by the third measurement (R2 = 0.44, F1,31 
= 24.96, P < 0.01), indicating that feeding affected metabolic rate later in the experiment 
(Fig. 2-5). There was also a positive relationship between wound healing rate and 
metabolic rate (R2 = 0.16, F1,30 = 5.84, P = 0.02). Animals that healed larger percentages 
of their cutaneous biopsies on Day 4 had larger proportional difference between second 
and third metabolic runs, independent of food intake (Fig. 2-6). 
Microbiocidal ability averaged (mean ± SEM) 15.31 ± 2.88% and was not 
correlated with food intake (R2 < 0.01, F1,24 = 0.02, P = 0.89). Plasma corticosterone 
concentration was unrelated to food intake (R2 = 0.11, F1,16 = 1.89, P = 0.19), averaging 
(mean ± SEM) 158.30 ± 28.49 ng ml−1. In addition, unrelated to food intake was percent 
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of wound healed by Day 4 (R2 = 0.07, F1,30 = 2.09, P = 0.16), lysis and agglutination (R2 
= 0.09, F1,27 = 2.60, P = 0.12), and the change in Kleiber-adjusted metabolic rate (R2 = 
0.02, F1,31 = 0.48, P = 0.49). 
 
 
 
 
Fig. 2-4 Mass-adjusted metabolic rate through time in male side-blotched lizards for 
Experiment 2. Metabolic rate decreases between Days 2 and 4 in biopsied animals (n = 
33) 
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Fig. 2-5 Relationship with total food intake and the final metabolic rate on Day 4. The 
relationship increased from previous metabolic trials to a significant level (R2 = 0.44, 
F1,31 = 24.96, P < 0.01) 
 
 
 
 
Fig. 2-6 Relationship between the percentage of the wound healed on Day 4 with the 
percent difference in mass-adjusted metabolic rate between Days 4 and 2 in Experiment 
2. There was a significant relationship between wound healing and metabolic rate (R2 = 
0.16, F1,30 = 5.84, P = 0.02), regardless of feeding treatment 
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DISCUSSION 
 
Contrary to our hypotheses, animals in both experiments reduced their energy 
expenditure after a cutaneous biopsy. In addition, contrary to our hypotheses, it does not 
appear that corticosterone is mediating this reduction. No change in metabolic rate 
occurred in response to LPS injections in Experiment 1, but there was an effect of 
biopsies on weight loss, with biopsied animals losing more weight. In addition, animals 
that lost more weight tended to heal greater proportions of their wounds. There was a 
positive relationship between food eaten and metabolic rate that emerged during the 
metabolic trials after biopsies took place in Experiment 2, and increased throughout the 
healing process. In addition, the percentage of wound healed on Day 4 of Experiment 2 
was related to the magnitude of reduction in metabolic rate between Days 2 and 4. 
The general consensus has been that animals facing an immune challenge will 
upregulate their metabolism, and this has been observed in humans (Barr et al. 1922), 
rodents (Cooper et al. 1989; Demas et al. 1997; Derting and Virk 2005; Kristan and 
Hammond 2001; Magnanou et al. 2006), and birds (Martin II et al. 2003; Ots et al. 2001; 
Svensson et al. 1998). Our surprising results have several potential explanations. First, 
wound healing might deplete available energy stores in our lizards and left the animals in 
an energy-deprived state thereafter. This scenario would explain the lower metabolic 
rates later in the healing process. Fasting is known to decrease metabolic rates in this 
species (Roberts 1968), and thus, if wound healing is reducing stored energy over course 
of the study, it may be exacerbating already present fasting effects. 
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Alternatively, the decrease in metabolic rate and body mass might represent a 
compensatory response of other physiological functions to enable wound healing. The 
results of Experiment 1 support the idea that wound healing incurs significant costs. 
Within groups, animals that healed faster lost more body mass. Trade-offs are common in 
physiology, and there are multiple lines of evidence to support their presence during 
immune challenges. For instance, immune responses can reduce growth (Saino et al. 
1998; Soler et al. 2003) or reproduction (French et al. 2007a; Råberg et al. 2000). In side-
blotched lizards, it has also been demonstrated that individuals that healed biopsies faster 
in the early stages exhibited greater microbiocidal ability and stress reactivity later on, 
indicating prioritization (Neuman-Lee and French 2014). The lizards in the current study 
could have diverted energy from other functions in response to cutaneous biopsies in 
another instance of prioritization, with the net result of this shift manifesting as a lower 
metabolic rate. 
Finally, the drop in metabolic rate during wound healing could have resulted from 
sickness behavior. Pro-inflammatory cytokines (especially interleukin-1, interleukin-6, 
and tumor necrosis factor α) increase during immune challenges such as wound healing 
(Barrientos et al. 2008; Werner and Grose 2003). These mediators promote lethargy and 
anorexia (Johnson 2002). Lizards could have behaved in this way when wounded. 
Because foraging is a risky behavior (Huey and Pianka 1981), sickness behavior may be 
especially important in a natural environment. Wounded lizards might benefit from 
resting and fasting in the wild to avoid predators and conspecifics. Short periods of 
fasting might also improve survival in animals undergoing an immune challenge, as 
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Murray and Murray (1979) observed in laboratory- housed mice. Possibly, wounded 
lizards were not eating although food was available, which caused them to lose weight 
and downregulate their metabolic rates. However, because all animals were measured 
post-prandially, and at rest, this is an unlikely explanation. Although we see that in 
Experiment 1 biopsied animals lost more body mass than did control animals, we did not 
see a direct effect of wound healing on food intake in Experiment 2 (in which feeding 
was quantified, unlike Experiment 1), suggesting that animals were not responding via 
anorexia. Evidence in other immunological studies in ectotherms is also mixed. For 
example, cane toads decreased activity in response to LPS injections (Llewellyn et al. 
2011), but bullfrog tadpoles injected with heat-killed E. coli increased activity when 
exposed to a predator (Lefcort and Eiger 1993). Foraging behavior and feeding can be 
affected by immune challenges, but it is also possible that food intake, and thus energy 
reserves, helps mediate the immune response. 
Some studies of other ectotherms have been conducted, but no consensus on the 
metabolic costs of immunity or behavioral fever in these organisms has emerged. For 
example, painted turtles and box turtles (Monagas and Gatten 1983) and desert iguanas 
(Bernheim and Kluger 1976; Kluger et al. 1975) have exhibited increased body 
temperatures in response to bacterial injections, while armadillo girdled lizards (Laburn 
et al. 1981) and brown anoles (Cox et al. 2015) did not. Green anoles actually exhibited 
behavioral hypothermia (Merchant et al. 2008), which would reduce metabolic rate 
assuming there is not a higher metabolic cost of the immune response that offsets this 
reduction. According to Deen and Hutchison (2001), factors, such as infection intensity 
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and energy reserves, combine to determine an animal’s immune response. When cane 
toads (Sherman and Stephens 1998) and green iguanas (Malvin and Kluger 1979) were 
not given thermal choices (similar to the animals in our experiments), their metabolic 
rates did not change, which might explain our nonsignificant effect of LPS injections on 
metabolic rates. Possibly, the animals in the present study did not respond to the LPS, but 
this is unlikely because we observed increased microbiocidal ability in the LPS-treated 
lizards, and we used doses consistent with those inducing physiological effects in other 
reptiles, including lizards (Deen and Hutchison 2001; do Amaral et al. 2002; López et al. 
2009; Uller et al. 2006). To ensure our doses were adequate, we performed a subsequent 
study with twice the dose used in Experiment 1 (5 μg LPS/20 μl) to determine if the dose 
was too small, and found similar results (Smith et al., unpublished data). Different 
immune challenges have different associated costs, and it is possible that LPS challenges 
do not require the same metabolic responses that were observed with cutaneous biopsies, 
or lizards that had been previously wounded were prioritizing wound healing over their 
response to LPS. Given that lizards that only received LPS (and no biopsy) displayed 
metabolic difference when compared to controls, this explanation is unlikely. It is also 
possible that the lizards in this study responded to LPS after their second metabolic trial, 
and future studies would benefit from more metabolic trials as the animals fully recover 
from these challenges. 
A multitude of factors must be put into context when evaluating the metabolic 
costs of immunity, and factors such as lineage, energetic state, behavioral response to the 
challenge, and the type of challenge likely inform the nature of the immune response. 
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Although sickness behavior might explain some of our surprising results, it is more likely 
that physiological trade-offs also occurred concomitantly. Future studies should attempt 
to measure the metabolic costs of immunity competing for resources with other 
physiological processes, such as growth or reproduction. 
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CHAPTER III 
ASSESSING THE PROTEIN AND METABOLIC COSTS OF 
 A TRADE-OFF BETWEEN REPRODUCTION 
 AND IMMUNITY 
 
Animals must allocate limited resources to competing demands. A trade-off 
between reproductive and immune costs underlies much of life history theory. We 
wounded gravid female lizards and manipulated their levels of follicle-stimulating 
hormone (FSH), an endocrine mechanism controlling allocation of protein resources to 
reproduction. Using a stable isotope label, we traced amino acids to their ultimate fates 
within their bodies. We measured both the direct allocation of protein to tissues involved 
in these activities as well as the combined oxygen consumption costs of these demands. 
We found that metabolic rates decreased over time in most treatment group, especially 
those receiving wounds and both wounds and FSH. Animals receiving only FSH had 
higher metabolic rates than controls throughout the study, and FSH also increased the 
reactive oxygen metabolites and sum follicular lengths. Cutaneous biopsies caused 
lizards to lose more body mass than the other groups. Finally, we found a positive 
relationship with the change in metabolic rate after wounding and protein deposition into 
the eggs, but a negative relationship with metabolic change and deposition into the scab 
growing over the wound, providing evidence for trade-offs of a limiting resource. 
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INTRODUCTION 
 
Differential investments between self-replicating and self-maintaining processes 
have been of interest to life history theorists for many years (Moreau 1944, Lack 1947, 
Skutch 1949), and this discipline has grown in scope and complexity with the advent of 
new mathematical models (Williams 1966, Pianka 1970, Mesquita et al. 2016). Similarly, 
as new techniques to assess physiological parameters have been developed, new 
relationships among hormones (French et al. 2007c, Lancaster et al. 2008), the immune 
system (Lochmiller and Deerenberg 2000a, Norris and Evans 2000), and other factors, 
including oxidative stress (Monaghan et al. 2009), have emerged. However, the 
underlying mechanisms that drive trade-offs in one direction or another, often depending 
on internal as well as external cues, still represent critical gaps in our knowledge (Demas 
et al. 2012). 
Reproduction has both metabolic (Angilletta and Sears 2000, Nilsson and Råberg 
2001) and protein (Robbins 1981, Lourdais et al. 2004) costs. Increased investment into 
the reproductive system can suppress other competing processes, such as immunity 
(Nordling et al. 1998, Adamo et al. 2001, Harshman and Zera 2007) and, reciprocally, 
immunological investment can decrease reproductive effort (Råberg et al. 2000), 
especially during periods of resource limitation (Zera and Harshman 2001, French et al. 
2007a). Because immune function also has energetic (Demas et al. 2012) and protein 
(Lochmiller and Deerenberg 2000b, Moret and Schmid-Hempel 2000, Lee et al. 2006) 
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costs, but is important to survival (Hanssen et al. 2004), understanding these trade-offs is 
key to understanding how organisms maximize their lifetime fitness (Stearns 1992). 
In addition to external pressures like energetic and nutritional resource 
availability, internal cues such as gonadotropins (McGlothlin et al. 2007) and 
glucocorticoid hormones (French et al. 2007c, Romero and Wikelski 2010) can influence 
trade-offs. What is not well understood is how hormones mediate trade-offs between 
energy (metabolic rate) and matter (the macronutrients composing the organism’s body; 
Groothuis and Schwabl 2008). Gonadotropins such as follicle-stimulating hormone 
(FSH) are prime candidates for experimentation given their role in reproductive 
investment, which is to recruit follicles during early vitellogenesis (Licht et al. 1977, 
Hamilton and Armstrong 1991, Jones and Swain 2000) and to stimulate the in vitro 
uptake of the protein vitellogenin into ovarian follicles, where it is incorporated into yolk 
(Ferguson 1966, Callard and Zeigler 1970, Ho et al. 1982, Limatola and Filosa 1989). 
Sinervo and Licht (1991a) showed that experimentally increasing FSH levels increased 
clutch size in Side-blotched Lizards (Uta stansburiana). Furthermore, French et al. 
(2007b) showed that FSH injections increased follicle size but decreased healing rates in 
Ornate Tree Lizards (Urosaurus ornatus). What is still unknown are the material 
(nutritional) and energetic costs of this apparent trade-off. 
Methods for measuring use of both energy and matter in living organisms are 
well-developed. Advances in high-precision respirometry have allowed us to measure 
metabolic rates in fine detail (Lighton 2008). Using amino acids labeled with stable 
isotopes in vivo to measure allocation of a limiting resource (e.g., a macronutrient) is an 
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emerging technique that has several advantages over more indirect techniques for 
assessing the allocation of these resources (McCue 2011, McCue et al. 2013, Brace et al. 
2015). Both wound healing and reproduction have significant protein costs that put them 
in competition for common resources such as essential amino acids. A few experiments 
have measured the effects of starvation on metabolism (McCue et al. 2013), but only one 
has traced amino acids to different, competing ultimate fates within the bodies of living 
organisms (Durso et al. in review). Because trade-offs impose limits on energy 
expenditure, combining respirometry with direct measurements of protein allocation has 
the potential to quantify resource trade-offs with greater clarity and precision than either 
technique alone. 
In this experiment, we used a stable isotope label to trace amino acids through the 
bodies of female side-blotched lizards (Uta stansburiana Baird and Girard, 1852) that 
were undergoing both reproductive and immune challenges, and we measured both the 
direct allocation of protein to tissues involved in these activities and the combined 
oxygen consumption costs of these demands. We also manipulated the level of follicle-
stimulating hormone (FSH), which initiates and controls follicular growth and 
vitellogenesis (Licht 1979, Ho et al. 1982, Ho 1987), in half the lizards in order to better 
understand one of the mechanisms controlling reproductive trade-offs. We hypothesized 
that lizards with high reproductive demand would have diminished allocation of 
resources to immunity and vice-versa. We also expected to see FSH increase allocation of 
resources to reproduction relative to controls. 
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MATERIALS AND METHODS 
 
Animals and overview 
We measured oxygen consumption and stable isotope deposition in response to 
two treatments, an immune challenge (cutaneous biopsy) and vitellogenesis in response 
to an injection of follicle-stimulating hormone in female U. stansburiana. Forty adult 
lizards averaging 46.1 ± 0.4 mm in snout-vent length and 2.65 ± 0.08 g in mass were 
captured via noosing from Washington County, Utah, USA in May 2014. The lizards 
were taken to Arizona State University where they were individually housed in 40x15x13 
cm plastic terraria with paper substrate. The terraria were held at a 12L:12D photoperiod 
at 36° C inside environmental chambers. Lizards were fed crickets (Fluker Farms, Port 
Allen, Louisiana, USA) daily except for the days prior to and of metabolic measurements. 
We weighed and counted crickets offered to lizards and removed, counted, and weighed 
crickets the following day to quantify food intake. The internal walls of the terraria were 
sprayed daily to provide water for the lizards. 
We quantified the initial number and length of follicles via ultrasound on Day 1 of 
the experiment and randomly assigned subjects to one of four treatments (FSH, biopsy, 
both, or control) with a random number generator. We ultrasounded the lizards again on 
Days 5 and 10 to quantify follicular growth during the study. On Day 3, we administered 
20 µg ovine FSH (Sigma-Aldrich) suspended in 20 µl saline to stimulate vitellogenesis in 
the FSH-treatment lizards, and 20 µl vehicle (saline only) to the control group following 
French et al. (2007b). We also injected 20 μl of a 50:50 mixture of 14N and 15N-leucine 
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(dissolved in Ringer’s solution at a concentration of 937.5 mg/ml) into all subjects. These 
injections were repeated to ensure follicular investment and isotope enrichment on Days 
5 and 7. On Day 4, we measured initial oxygen consumption via closed respirometry and 
repeated metabolic trials on Days 6 and 8 to quantify changes in metabolic rate in 
response to treatment. On Day 5, we gave half of the lizards an immune challenge 
(cutaneous biopsy) and took a digital image of the wound. On Day 10, we took another 
digital image to quantify wound healing, and blood was collected from the retro-orbital 
sinus of all animals. Blood samples were centrifuged to isolate plasma, which was then 
frozen and stored at -80° C until hormone and immune assays were performed. Lizards 
were then transported to Utah State University, where they were euthanized and dissected 
on Day 14. A timeline of procedures can be found in Table 3-1. 
 
Table 3-1. Timeline of procedures. 
Day 1 Ultrasound 
Day 3 Inject 15N and FSH 
Day 4 Metabolic Trial 
Day 5 Biopsy / Wound Image / Inject 15N and FSH / Ultrasound 
Day 6 Metabolic Trial 
Day 7 Inject 15N and FSH 
Day 8 Metabolic Trial 
Day 10 Blood Sample / Wound Image / Ultrasound 
Day 14 Animals sacrificed and organs harvested for isotopic 
analysis 
Cutaneous Biopsy and Measurements 
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We simulated wounding of lizards via a cutaneous biopsy. After lizards were 
anesthetized using isoflurane gas, a biopsy tool (Miltex Instrument Company, York, 
Pennsylvania, USA) was gently twisted against the dorsal skin surface anterior to the tail, 
creating a 3.5 mm circular wound. The piece of skin was then removed with forceps. 
Immediately after, the wound was photographed next to a ruler for scale. The wounds 
were also photographed at the end of the study, four days later. The wound images were 
analyzed for wound area using ImageJ (Rasband 1997-2014) such that the investigator 
was blind to the treatment of the animal. Lizards that did not receive a cutaneous wound 
(control animals) were handled and anesthetized as described above, except the plastic 
blunt end of the biopsy punch was gently pressed against the dorsal surface to simulate 
the experience of the cutaneous biopsy process without actually taking skin from those 
animals. Lizards were placed back into their individual terraria, which were placed on 
heating pads until the lizards were alert and responsive and then returned to the 
environmental chambers. Healing was assessed as the change in wound area from the 
initial biopsy. 
 
Metabolic Measurements 
We measured metabolic rates of lizards using closed-system respirometry three 
times throughout the experiment. Lizards were fasted on the days before and during 
metabolic assessments to avoid gathering data during a post-prandial response. To 
promote a quiescent state during measurements, lights in the environmental chambers 
were turned off an hour before the animals were moved to the test chambers. Each animal 
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was quickly removed from its housing and placed in a glass chamber (473 ml), inside an 
incubator set at 36°C. This temperature lies within the optimal range for Uta 
stansburiana (Waldschmidt and Tracy 1983). The inside of the incubator was dark, and 
the lizards were given an additional 2 h before metabolic measurements were taken. Once 
lizards were inside the glass chambers, these chambers were slowly filled with dry, CO2-
free air. Then, an automated sampling regime lasting 2.3 hours commenced, following 
respirometry protocols of Kolbe et al. (2014). Air samples taken from the metabolic 
chambers were pushed through columns of Drierite® with a mass-flow regulator to 
remove water vapor, then passed through analyzers for oxygen (Oxzilla, Sable Systems, 
Las Vegas, Nevada, USA) and carbon dioxide (LI-6252, LI-COR, Lincoln, Nebraska, 
USA). 
 
Radioimmunoassay 
Circulating corticosterone concentrations were determined using a 
radioimmunoassay protocol modified from Lucas and French (2012). Briefly, samples 
were extracted using a solution of 30% ethyl acetate:isooctane and assayed in duplicate 
for CORT (MP Biomedicals, Lot #3R3PB-19E). Final concentrations were calculated by 
averaging the duplicate samples and adjusted for accuracy using individual recoveries. 
 
Bactericidal Ability 
We performed the bactericidal assay on samples following the protocol outlined 
in French and Neuman-Lee (2012). Briefly, we combined a 1:5 plasma dilution with 
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CO2-independent media plus 4 nM L-glutamine, 104 colony producing units of 
Escherichia coli (EPowerTM Microorganisms #483-237-1, ATCC 8739, 
MicroBioLogics, St. Cloud, MN, USA), and agar broth on a 96-well microplate. We also 
included positive (media and bacteria with no plasma) and negative (media alone) 
controls to account for total possible growth and ensure no contamination was present. 
We incubated the plate for 12 h and calculated absorbance using a microplate reader (300 
nm, BioRad Benchmark, Hercules, CA, USA). Microbiocidal ability was calculated as 1-
(absorbance of sample/absorbance of positive controls). 
 
Oxidative Stress 
We measured plasma levels of reactive oxygen metabolites using the d-ROMs 
Test kit (Diacron, Grosseto, Italy). Briefly, we mixed the provided R1 and R2 reagents in 
a 1:100 dilution to create an acidic buffered solution with a chromogen. This resulting 
solution was kept in the dark until 5 µl of sample plasma was added into separate wells of 
a 96-well microplate and 100 µl of the R1/R2 solution was added to each well. Nanopure 
water was used as sample blanks and the provided serum was used as a calibrator 
solution. We followed the “end-point mode” from the manufacturer’s protocol and 
measured absorbance at 505 nm after a 90 m incubation at 37° C. The resulting units are 
in mg H2O2/dl (1 CARR U = 0.08 mg H2O2/dl). 
Stable Isotope Label 
We injected each lizard with 20 μL of a 50:50 mixture of 14N and 15N-leucine 
(dissolved in Ringer’s solution at a concentration of 937.5 mg/ml) on Days 3, 5, and 7 to 
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ensure enrichment during the study. We measured the flow of this label into two pools: 
the protein deposited in eggs, and protein deposited into newly-formed tissue (scab 
forming over the cutaneous wound). We also measured excreted nitrogen in uric acid and 
feces, which we considered sink pools that were not of particular interest, in order to 
account for variation in assimilation of our label. At the end of the experiment, we 
collected eggs, scabs, hearts, livers, and pooled uric acid and feces from each lizard, dried 
them to a constant mass, (0.5-2.0 mg) in a drying oven set at 60°C, and folded them into 
5x9mm tin capsules (Costech Analytical, Valencia, California, USA). In addition to the 
forty animals described above, five additional animals were used as unlabeled controls 
and were given neither FSH nor 15N-leucine. We measured stable nitrogen isotope ratios 
(15N:14N or δ15N) using continuous-flow direct-combustion and isotope ratio mass 
spectrometry using a Europa Scientific ANCA-2020 (PDZ, Crewe, England) at the Utah 
State University Stable Isotope Lab. The enrichment values were corrected for individual 
organ mass by dividing them by the dry mass of the entire organ. Standard deviations of 
replicate standards were < 0.1‰. 
 
Statistical Analysis 
We used model averaging with the nlme (Pinheiro et al. 2016) and MuMIn 
(Bartoń 2013) libraries to generate model-averaged means (Pinheiro et al. 2016) in R (R 
Core Team 2015). By fitting all possible models and using the Akaike weights of each to 
inform the full model, we represented the best models without excluding potentially 
interesting relationships that might not be included in the top model. By including all 
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possible models into the average model, including the null model, p-values are 
unnecessary as this is not a null-hypothesis testing technique. We illustrated treatment 
effects on follicular length change, oxidative stress, change in body mass, corticosterone 
concentration, and microbiocidal ability. For the metabolic data, we generated model-
averaged means in a similar way, but across a time series to illustrate metabolic changes. 
We correlated the relationships between continuous data by using a similar statistical 
approach. We used the coefficient estimates from the full (averaged) model to adjust the 
raw data so that we could analyze the relationships between the parameters of interest 
without the added variation from mass and the amount of food eaten. We created figures 
with Graphpad Prism 7 (Graphpad Software, San Diego, California, USA.) 
 
RESULTS 
 
The cumulative length of all follicles of lizards FSH injections increased by 0.29 
cm over the course of this experiment. This includes lizards that received FSH and a 
cutaneous biopsy, and lizards receiving only cutaneous biopsies shrunk their follicles 
slightly (0.03 cm), which was similar to the control animals that grew their follicles by 
only 0.02 cm (Fig. 3-1A). A similar effect was observed in reactive oxygen species, with 
FSH lizards having 139% the mean oxidative load compared to controls (227.8 and 163.8 
CARR U, respectively) (Fig. 3-1B). All treatment groups lost mass throughout the course 
of the experiment, with an average loss of 0.35 g, but biopsied animals lost more weight 
with an average of 0.45 g (Fig. 3-1C). 
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Fig. 3-1: Effect of FSH and wounding treatments on (A) cumulative follicular growth; 
(B) reactive oxygen metabolites; and (C) body mass. Lizards treated with FSH had 
greater follicular growth and higher levels of reactive oxygen species, and wounded 
animals lost more body mass than the other treatments. Small circles represent individual 
lizards and large circles represent the model-averaged mean. 
 
 
Metabolic rates decreased throughout the course of this experiment, with total 
oxygen consumption on Day 4 averaging 2.39 ml O2/h, followed by 2.05 and 1.69 on 
Days 6 and 8, respectively (Fig. 3-2). Lizards that received FSH injections had higher 
metabolic rates than the others, and maintained higher metabolic rates over time as the 
others decreased. On Day 4, lizards that received only FSH (no biopsy) had an average 
oxygen consumption of 2.51 ml O2/h, and on Days 6 and 8 had 2.54 and 2.42 ml O2/h, 
respectively. Wounded lizards decreased their metabolic rates from 2.34 to 1.61 ml O2/h 
from Days 4 to 8, a 31% drop, and lizards receiving both a cutaneous biopsy and FSH 
injections decreased their metabolic rates by 65% (from 2.52 ml O2/h on Day 4 to 0.87 on 
Day 8). 
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Fig. 3-2: (A) Effect of FSH and wounding treatments on metabolic rate over time on raw 
data; (B) model-averaged means of treatment effects on metabolic rate over time. 
 
 
In wounded lizards, the change in metabolic rate from Day 6 to Day 8 (following 
wounding) was positively related to the quantity of 15N in eggs (r = 0.71, n = 9; Fig. 3-
3A), but negatively related to wound healing rate (r = -0.34, n = 16; Fig. 3-3B). Lizards 
that invested larger quantities of protein into their eggs had larger increases in metabolic 
rate, whereas lizards that had faster wound healing had larger decreases in metabolic rate. 
 We found that experimental increases in FSH increased maternal allocation of 
protein to eggs and elevated the metabolic rates of female lizards that invested the most 
protein in their eggs relative to other demands. Wounding had a minimal effect on these 
processes, but did affect total body mass change. We interpret the change as evidence of 
a trade-off between reproduction and self-maintenance. This trade-off is further 
supported by the relationship among wound healing, protein deposition in the eggs, and 
the wound-induced decrease in metabolic rate. 
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Fig. 3-3: Relationships among the change in metabolic rate and (A) wound healing and 
(B) the quantity of 15N in eggs. 
 
 
DISCUSSION 
 
The relative increase in metabolism in FSH animals could also have caused the 
increased levels of reactive oxygen metabolites seen in these animals. Brace et al. (2015) 
found that increased self-maintenance costs of reproductive female lizards was only 
evident when leucine allocation ratios between lymphoid and reproductive organs were 
examined, whereas we found direct evidence for such a trade-off. Although some yolk 
proteins are produced in the liver, some immune cells also encounter their specific 
antigens there (Racanelli and Rehermann 2006). 
Previous studies of the role of FSH have shown that artificially increasing levels 
of the hormone increases egg number and decreases egg size (Sinervo and Licht 1991a), 
reflecting the trade-off between egg size and number (Sinervo and Licht 1991b). By 
 92 
 
experimentally manipulating FSH in the presence of a 15N-labeled leucine tracer, we 
showed that FSH also increases the protein content of eggs (Fig. 3-4), but not at the 
expense of wound healing. Although others have shown that vitellogenesis is directly or 
indirectly regulated by FSH (Ferguson 1966, Licht 1970, 1979, Limatola and Filosa 
1989), we provide the first data directly showing greater incorporation of a free amino 
acid into yolk protein in the presence of elevated FSH. 
 
 
 
Fig. 3-4: Effect of FSH treatment on 15N atom percent enrichment (APE) of egg tissue. 
Individual lizards ranked from left to right by median egg APE. 
 
 
Because FSH can influence the fate of circulating amino acids, directing them 
into reproduction, it serves as one mechanism for modifying resource investment. 
However, apparently wound healing is not compromised and instead metabolic rate 
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increases. The relationship among these three parameters is complex. In male lizards of 
this species, wounding decreased metabolic rate (Smith et al. 2017). These results are 
contrary to the general consensus that animals facing an immune challenge upregulate 
their metabolism. This surprising pattern could represent an exacerbation of existing 
resource limitation, or a compensatory effect of immune prioritization (Neuman-Lee and 
French 2014). Because the metabolic rates of all animals were measured at rest, sickness 
behavior is probably not the cause of the decreased metabolic rate in wounded animals in 
this study. However, we did recover significant effects of both wound healing rate and 
protein deposition into eggs on the change in metabolic rate of wounded lizards, such that 
lizards investing more protein into their eggs had larger increases in metabolic rate, 
whereas lizards with faster wound healing had larger decreases in metabolic rate (Fig. 3-
3). 
The lizards in our study, which were not food-restricted and were relatively early 
in their reproductive lives, apparently had sufficient stored resources to invest in both 
wound healing and vitellogenesis. We suggest that unmanipulated lizards spared these 
stored resources for later use, whereas artificially elevated FSH caused manipulated 
lizards to spend them. Although we were unable to quantify stored resources in our 
lizards, other studies have shown the important influence of resource availability on the 
strength and direction of life-history trade-offs (Doughty and Shine 1997, French et al. 
2007b). Surprisingly, we did not find evidence for a mediatory role of corticosterone in 
this process or an impact on bacterial killing ability. 
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By tracing an essential amino acid through the bodies of lizards, we directly 
measured allocation of resources to fundamentally different processes (i.e., reproduction 
and self-maintenance) using a common currency (McCue 2011) and showed that a trade-
off between these two competing demands takes place, of which FSH is a potent 
mediator. We found that experimentally-induced increases in reproductive investment 
impacted both overall energy and protein budgets, leading to trade-offs. Although we did 
not measure the ultimate fitness outcomes of the trade-offs we observed, future studies 
should focus on documenting the long-term effects of life-history trade-offs for 
individuals and populations. 
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CHAPTER IV 
LIFE-HISTORY DIFFERENCES ACROSS A LATITUDINAL 
 GRADIENT IN SIDE-BLOTCHED LIZARDS  
(UTA STANSBURIANA) 
 
Life history strategies are known to shift with latitude in some species. While 
body size, reproductive investment, and behavior have been studied for years, another 
crucial life history component is the immune system, which can influence an animal’s 
survival. We measured trade-offs in southern and northern side-blotched lizards in the 
field for two consecutive years and conducted a common-garden experiment to determine 
how organisms from different latitudes optimize immunity or reproduction. We found 
that the shorter-lived lizards from southern populations invested in reproduction at the 
expense of immunity compared to northern lizards in 2012, but the relationship shifted in 
the following year. Our laboratory study revealed that southern lizards healed cutaneous 
wounds faster and had higher microbiocidal ability when compared to their northern 
counterparts, but lost weight doing so. The northern lizards ate more than the southern 
ones and maintained their body mass. It is possible that northern lizards are better 
adapted to taking advantage of available food resources, or that southern lizards exhibited 
sickness behavior in response to an immune challenge or reacted more strongly to the 
stress of captivity. 
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INTRODUCTION 
 
Since the ecogeographic rules of Bergmann and Allen were first postulated more 
than 100 years ago (Bergmann 1847, Allen 1877), latitude has been known to affect 
animals in powerful and sometimes predictable ways. For example, a species will 
experience harsher and more variable environmental conditions as it moves farther from 
the equator. While anatomical differences across latitude can be obvious for researchers, 
differences in life history are typically more subtle, but no less important. Moreau (1944) 
observed that birds laid fewer eggs nearer the equator compared with more temperate 
conspecifics, and in doing so initiated a discussion that was as contentious as it was 
fruitful for life-history theory (Ricklefs 2000). Lack (1947) suggested that reproductive 
effort should be optimized by selection because of its incurred fitness advantage, and that 
the differences in clutch size related to latitude were due to environmental limitations. 
However, when lifetime fitness is considered, future reproductive events can outweigh 
immediate reproduction if the cost of immediate reproduction is too high (Williams 
1966). Because lifetime fitness is a driver of natural selection, physiological trade-offs 
between competing internal systems must be considered. 
Trade-offs occur when biological characteristics or systems receive resources at 
the expense of another characteristic or system (Stearns 1989). Trade-offs are often 
associated with reproduction, which is a costly and risky process (Nur 1984, Magnhagen 
1991, Harshman and Zera 2007). Previous studies have demonstrated that increased 
reproductive effort can reduce immunocompetence and subsequent survival (Nordling et 
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al. 1998, Hanssen et al. 2003, French and Moore 2007). Conversely, increased immune 
activity can inhibit reproductive investment (Råberg et al. 2000, French et al. 2007a, 
López et al. 2009). Furthermore, the direction of these trade-offs is context-dependent 
and can vary over a species’ range (Ardia 2005), with the age or potential lifespan of the 
individual (Kirkwood and Rose 1991, Fedorka et al. 2004), and with resource availability 
(French et al. 2007b). As life-history characteristics vary across a species’ range, it is 
important to understand how the animal’s immune system adjusts its strategy, and what 
concomitant shifts in other physiological systems occur. For instance, Martin et al. 
(2004), found that house sparrows (Passer domesticus) have differing responses to 
phytohemagglutinin injections depending on whether the birds are from temperate or 
neotropical regions and whether they were in breeding or nonbreeding condition. 
Furthermore, animals on the edge of their range have exhibited different parasite loads 
compared with animals in the core of the range (Martin et al. 2017). Lee (2006) also 
suggested that animals with higher reproductive rates and lower survival utilize different 
strategies compared to “slower-living” species, and some studies have indicated that 
slower-paced species mount larger immune responses (Tieleman et al. 2005, Johnson et 
al. 2012). Thus, biologists must take these different factors into consideration when 
trying to understand life-history trade-offs. 
Researchers must understand not only how life-history characteristics vary across 
a species’ range, but also what mediates this variation. The glucocorticoid corticosterone 
is thought to be one of the more important mediators of immune and reproductive trade-
offs (French et al. 2007c), and is known to vary with latitude in some species (Silverin et 
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al. 1997, Eikenaar et al. 2012). However, the relationship between corticosterone and the 
immune system is multifaceted and context-dependent, making predictions difficult to 
make. For instance, corticosterone was observed to reduce the immune response to 
phytohemagglutinin in temperate house sparrow (Passer domesticus), but not in 
neotropical conspecifics (Martin et al. 2005). The energy status of the animal is also 
known to affect their baseline corticosterone levels in seemingly contradictory ways, with 
some studies showing that restricted caloric input causes increased hormone 
concentrations (Kitaysky et al. 2001) and others showing that plasma corticosterone 
levels are highest when animals are in their best body condition (Piersma et al. 2000). 
Not only are baseline levels of corticosterone dependent on energy status, but the effect 
of corticosterone implants on immune function has also been observed to be dependent 
on energy status (French et al. 2007c), indicating a complicated interplay between 
multiple systems. These results show a complicated interplay between multiple systems 
and point out the difficulty in understanding these systems over large geographic areas of 
a species’ range. 
Side-blotched lizards (Uta stansburiana) present an excellent model for studying 
latitudinal variation in life-history strategies and the interplay between systems. These 
small phrynosomatid lizards range from central Washington state in the United States to 
Baja California in Mexico. Furthermore, Tinkle (1967) observed that side-blotched 
lizards from northern populations (i.e., Colorado) have longer lifespans than individuals 
from southern populations (i.e., Texas). Likewise, Parker and Pianka (1975) showed that 
northern individuals produce fewer and larger eggs, indicating a shift in life-history 
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strategy. All of these factors, along with their small size and suitability for laboratory 
housing, make these lizards attractive subjects. Here we seek to introduce more recent 
indicators of survival and fitness into a classic life-history framework, namely immunity 
and stress reactivity. Our approach was two-fold, 1) studying in a natural field context 
across the lizard’s range and 2) via performing a controlled laboratory challenge on 
animals from different populations. Specifically, we conducted two years of field studies 
across a ~1000 km latitudinal gradient to measure innate immunity and immediate 
reproductive investment in female lizards. In addition to these field studies, we collected 
animals from northern and southern populations and housed them in a common garden to 
determine if the physiological differences were caused by external factors, as originally 
argued by Lack (1947). We hypothesized that lizards would exhibit differential 
investment into vital life-history processes across a latitudinal gradient. Specifically, we 
predicted that shorter-lived lizards from lower latitude populations would invest more 
energy into immediate reproduction, while longer-lived lizards from higher latitude 
populations would invest more energy into self-maintenance (immunity). 
 
MATERIALS AND METHODS 
 
Animal capture and field techniques 
We captured lizards via noosing at seven sites in Washington County, Utah and 
four sites in Harney, Lake, and Malheur Counties, Oregon in May and June 2012, totaling 
90 female individuals (55 from Utah and 35 from Oregon). In May and June 2013, we 
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sampled from six sites in Washington County, Utah and three from Harney, Lake, and 
Malheur Counties, Oregon, totaling 82 females (44 from Utah and 38 from Oregon). All 
collection and handling fell under Utah Certificate of Registration 1COLL8382 and 
Oregon Permit number 078-12 and 078-13. Upon capture, we drew blood within 3 min 
by rupturing the retro-orbital sinus with a heparinized capillary tube. Then the animals 
were placed into an opaque, breathable cotton bag for 10 min as a uniform stressor. After 
10 min, the animals were bled again. We kept the blood in sterile vials and separated the 
plasma from the pellet via centrifugation at 2200 RPM for 10 min. Samples were then 
frozen with dry ice and transported to Utah State University for assays. The lizards were 
measured to determine snout-vent length (SVL) with a handheld ruler to within 1 mm , and 
weighed with a Pesola scale (Schindellegi, Switzerland) to within 0.1 g. Females were 
manually palpated to assess clutch size, and we used a portable ultrasound unit to 
measure the lengths of each follicle and determine the stage of vitellogenesis. After 
processing, the animals were released at the point of capture within 24 h. 
 
Laboratory animal housing and feeding 
We housed lizards from both regions in a common-garden environment to 
determine if differences observed in the field were driven by factors intrinsic or extrinsic 
to the organisms. Female lizards were captured via noosing in Washington County (n = 
31), Utah and Harney County, Oregon (n = 22) and transported to Utah State University 
in May and June 2015 under Utah Certificate of Registration 1COLL8382 and Oregon 
Permit number 074-15. Lizards were housed individually in 30x45x15 cm plastic 
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containers maintained at an ambient temperature of 23°C. The containers were lined with 
newspaper substrate and had a heat strip and ultraviolet light source to allow the lizards 
to behaviorally thermoregulate. The room was set to a photoperiod of 14L:10D and a 
constant relative humidity of 20%. Animals were allowed a two-day acclimation period 
before being divided with a random number generator into maintenance and restricted 
feeding treatments. Maintenance animals were fed three crickets (Flukers Farms, Port 
Allen, Louisiana, USA) daily, and restricted animals were fed three crickets every three 
days. No lizards were fed on the biopsy days, and all were given access to water ad 
libitum. The crickets were weighed when they were introduced to the lizard containers 
and any that were not eaten by the following day were removed and weighed to quantify 
feeding rates. Additionally, the lizards were weighed at the beginning and end of the 
study to determine weight loss or gain caused by different feeding treatment. We noted 
any animals that laid eggs throughout the course of this study, and measured clutch size 
and follicular lengths at the beginning before they began to lay eggs. 
 
Cutaneous biopsy and measurements 
To elicit a uniform and ecologically relevant immune challenge, we administered 
cutaneous biopsies to all the animals of this study after 7 d of feeding treatments. Lizards 
were anesthetized using isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane) 
gas. After the animals were determined to be unresponsive, a 3.5 mm circular biopsy 
punch (Miltex Instrument Company, York, Pennsylvania, USA) was gently twisted 
against the dorsal surface anterior to the base of the tail. The uniform piece of skin was 
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then removed with forceps. The wounds were photographed immediately after being 
administered with a ruler placed on the same plane as the wound for future 
measurements. The wound images were analyzed for wound area using ImageJ (NIH 
Imaging) such that the investigator was blind to the treatment of the animal. Lizards were 
placed back into cups on heating pads and allowed to recover until they were once again 
alert and responsive, then returned to their containers. The wounds were photographed 
and analyzed again at the end of the study, 5 d later, and a single blood sample was 
obtained via the retro-orbital sinus for immune and hormonal assays. All procedures for 
laboratory and field techniques were approved by the Utah State University Institutional 
Animal Care and Use Committee (protocol #2068). 
 
Radioimmunoassay 
Circulating corticosterone (CORT) concentrations were determined using a 
radioimmunoassay protocol modified from Moore (1986). Briefly, samples were 
extracted using a solution of 30% ethyl acetate:isooctane and assayed in duplicate for 
CORT (MP Biomedicals, Lot #3R3PB-19E). Final concentrations were calculated by 
averaging the duplicate samples and adjusted for accuracy using individual recoveries. 
 
Bactericidal Ability 
We performed bactericidal assays on samples following the protocol outlined in 
French and Neuman-Lee (2012). Briefly, we combined a 1:5 plasma dilution with CO2-
independent media plus 4 nM L-glutamine, 104 colony-producing units of E. coli 
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(EPowerTM Microorganisms #483-237-1, ATCC 8739, MicroBioLogics, St. Cloud, MN, 
USA), and agar broth on a 96-well microplate. We also included positive (media and 
bacteria with no plasma) and negative (media alone) controls to account for total possible 
growth and ensure no contamination was present. We incubated the plate for 12 h and 
calculated absorbance using a microplate reader (300 nm, BioRad Benchmark, Hercules, 
CA, USA). Microbiocidal ability was calculated as 1-(absorbance of sample/absorbance 
of positive controls). Positive and negative controls were present on each plate, and 
microbiocidal ability was calculated based on the controls for the given plate, making 
these assays relative. However, the coefficient of variation for positive controls across all 
the plates in this study was 3.43%, indicating that these methods are repeatable. 
 
Statistical Analyses 
In the field studies, lizards from Oregon and Utah were assessed for differences in 
microbiocidal ability, reproductive investment, and hormone levels with a Student’s t-
test. In the common-garden study, feeding treatment and region were assessed for effects 
on microbiocidal ability, wound-healing rates, weight gain, and hormone levels in a 2x2 
factorial design. Data for corticosterone concentration and food intake were log10- 
transformed in the common-garden study to meet the assumption of normality. Analyses 
were completed in JMP 12.0.1 ™ (Statistical Analysis Software, Cary, North Carolina, 
USA) and GraphPad Prism 6 (GraphPad Software, San Diego California USA), and 
significance was set at α = 0.05. 
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RESULTS 
 
2012 Field Season 
In 2012, Oregon animals had higher average ( ± SE) baseline corticosterone 
concentrations (33.91 ± 3.677 ng/ml) than Utah animals (25.32 ± 3.076), but this 
difference was marginally insignificant (F1,83 = 3.213, P = 0.077) (Fig. 4-1A.). The 
corticosterone response was not different between regions (F1,78 = 1.739, P = 0.191) (Fig. 
4-2A). Oregon animals had 23.07% higher microbiocidal abilities than Utah animals 
(F1,88 = 6.261, P = 0.014) (Fig. 4-3A). Utah animals had 25.39% higher clutch size (F1,87 
= 6.78, P = 0.011) at 2.56 ± 0.154 follicles compared to 1.91 ± 0.192 for Oregon animals 
(Fig. 4-4A). Similarly, southern lizards also had a greater average ( ± SE) sum follicular 
length (F1,85 = 8.597, P = 0.004) compared to northern lizards (1.74 ± 0.106 cm to 1.25 ± 
0.130 cm, respectively) (Fig. 4-4B). There was no difference in body condition (residual 
of mass/snout-vent length) between the two regions (F1,88 = 0.086, P = 0.770). 
 
2013 Field Season 
In 2013, Oregon animals had a 33.34% higher baseline corticosterone 
concentrations compared to the Utah animals (F1,69 = 4.327, P = 0.041) (Fig. 4-1B). The 
corticosterone response was not different between regions, similar to 2012 (F1,60 = 0.036, 
P = 0.850) (Fig. 4-2B). Nor was there any difference in microbiocidal abilities, in 
contrast to the previous year (F1,80 = 0.495, P = 0.484) (Fig. 4-3B). However, the mean 
microbiocidal ability was lower in 2013 than in 2012 at all sites. There was no difference 
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in clutch size (F1,80 = 1.518, P = 0.222) at 4.82 ± 0.134 for Oregon compared to 4.59 ± 
0.124 for Utah (Fig. 4-4C). Similarly, there was no difference for sum follicular length 
(F1,80 = 0.848, P = 0.360) at 2.34 ± 0.114 cm for Oregon compared to 2.194 ± 0.106 cm 
for Utah (Fig. 4-4D). Both measures of reproductive investment are much higher than 
those from the previous year. Again, there was no difference in body condition between 
the regions (F1,80 = 2.244, P = 0.138). 
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Fig. 4-1: Baseline corticosterone concentrations (ng/ml) from wild-caught side-blotched 
lizards in (A) 2012, and (B) 2013. 
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Fig. 4-2: Concentration of circulating corticosterone (ng/ml) in response to a uniform 
stressor in (A) 2012, and (B) 2013. 
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Fig. 4-3: Microbiocidal ability (%) for (A) 2012, and (B) 2013. 
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Fig. 4-4: (A) Clutch size in 2012. (B) Total follicular length (cm) in 2012. (C) Clutch size 
in 2013. (D) Total follicular length (cm) in 2013. 
 
 
Common Garden 
The region of origin for lizards had a larger effect on the parameters we measured 
than the feeding treatments. Northern animals ate 77.53% more food than the southern 
animals (F1,38 = 24.735, P < 0.001), and ad libitum animals ate 75.08% more food than 
the restricted group (F1,38 = 8.279, P = 0.007) (Fig. 4-5). There was no interaction 
B D
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between region of origin and feeding treatment for any metric we quantified, and feeding 
treatment only affected the amount of food the animals ate. The southern animals lost 
18.04% of their body mass, while the northern lizards were able to maintain their mass 
(F1,48 = 37.845, P < 0.001) (Fig. 4-6). Southern animals exhibited 37.69% stronger 
microbiocidal ability than the northern lizards (F1,48 = 6.4475, P = 0.014) (Fig. 4-7), and 
they also had 45.65% faster wound healing (F1,48 = 10.901, P = 0.002) (Fig. 4-8). 
Southern animals had 47.01% higher concentrations of corticosterone than the northern 
lizards (F1,42 = 6.242, P = 0.017) (Fig. 4-9). 
 
 
 
Fig. 4-5. Total food intake (g) for captive lizards. 
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Fig. 4-6. Percent mass change for captive lizards. 
 
 
 
Fig. 4-7. Microbiocidal ability (%) for captive lizards. 
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Fig. 4-8. Wound healing (%) for captive lizards. 
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Fig. 4-9. Final corticosterone concentrations (ng/ml) for captive lizards. 
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DISCUSSION 
 
The results from our 2012 field season supported our initial hypothesis that the 
longer-lived lizards from higher-latitude populations were allocating more energy into 
immunity at the expense of immediate reproduction. Northern animals had higher 
microbiocidal ability and lower clutch sizes, indicating a life-history shift toward self-
maintenance, which makes sense given that they were more likely to survive to another 
breeding season compared to the shorter-lived southern animals, and our results reveal a 
possible mechanism for this demographic pattern. Additionally, northern animals had 
25% higher baseline concentrations of corticosterone, which might have been mediating 
this life-history shift, although the difference was not quite statistically significant (F1,83 = 
3.213, P = 0.077). However, there were no significant differences in reproductive 
investment or microbiocidal ability between regions in 2013, although northern animals 
again had higher corticosterone concentrations. Although there was no difference among 
regions in 2013, the year-to-year variation is pronounced. 
The lizards we sampled in 2013, irrespective of region, were investing in clutches 
in excess of 4.5 follicles, twice the averaged clutch size of 2012 animals. Conversely, 
microbiocidal ability fell by more than 35% from 2012 to 2013 when regions are 
averaged together. It appears that southern and northern lizards alike converged life-
history strategies in the summer of 2013, moving away from self-maintenance and 
toward immediate reproduction. Interestingly, although there is a clear shift in life-history 
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strategy between 2012 and 2013, there is no change in corticosterone concentration, 
indicating that it might not be mediating these annual changes in investment. 
Researchers are constrained by time, logistics, and funding, but it is imperative 
that we acknowledge the limitations of single-year studies when making claims about 
life-history. If we had ended our study in 2012, we would have a very clear picture, but 
an incomplete one. Life-history strategies can shift through time as well as across 
latitudes, and the mediating factors are still mysterious (Sparkman and Palacios 2009). 
Southern lizards had higher corticosterone at the end of the common-garden 
study, indicating they might be more sensitive to stressors than their northern 
counterparts. However, when challenged with restraint stress in the field studies, we saw 
no difference with respect to region or year. It is conceivable that wound healing induced 
sickness behavior, which is often associated with increased corticosterone levels (Dantzer 
2001a, b) and reduced food intake. However, it is unknown whether the feeding behavior 
we observed was caused by the stress brought on by captivity, or if the pro-inflammatory 
cytokines released as part of the immune challenge stimulated corticosterone secretion. 
The immunological responses in the common-garden were also surprising. 
Southern animals had higher immunocompetence in two separate measures, 
microbiocidal ability and wound healing, despite not eating nearly as much as the 
northern subjects and losing more body mass. Although it is possible that the southern 
animals exhibited sickness, whereby pro-inflammatory cytokines were released in 
response to the cutaneous biopsies (Werner and Grose 2003, Barrientos et al. 2008) and 
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caused lethargy and anorexia (Johnson 2002), the lizards could have also responded 
differently to the stress of captivity. 
Animals need energy to heal wounds, but there are some situations that might 
make forgoing foraging activity a more attractive option for the southern animals. The 
southern populations in this study were denser, so intraspecific competition was likely 
higher. Tail-loss frequency, which might be used as a proxy for predation pressure, 
increases in this species from north to south (Parker and Pianka 1975, Wilson 1991). 
Additionally, tail losses can decrease the sprint speed of lizards (Formanowicz et al. 
1990, Chapple et al. 2004), making them more susceptible to predators. It is well known 
that lizards reduce their home ranges (Fox and Rostker 1982, Salvador et al. 1995) and 
alter movement patterns (Martin and Avery 1998) in response to tail loss. Cutaneous 
biopsies reduce sprint speed in this species similar to tail loss (Hudson et al., unpublished 
data), so it is possible that the lizards in this study were reacting to the immune challenge 
in behavioral ways as well as physiological. Southern animals, with more competitive 
and predatory pressure, might be better suited to hide during an immune challenge than to 
actively forage and risk additional injury, loss of territory, or death. It is also possible that 
northern animals are better adapted to take advantage of ephemeral food supplies 
(Nussbaum 1981), even in the context of increased external pressures such as captivity or 
being wounded.  
 122 
 
REFERENCES 
 
Allen, J. A. 1877. The influence of physical conditions in the genesis of species. Radical 
Review 1:108-140. 
Ardia, D. R. 2005. Tree swallows trade off immune function and reproductive effort 
differently across their range. Ecology 86:2040-2046. 
Barrientos, S., O. Stojadinovic, M. S. Golinko, H. Brem, and M. Tomic-Canic. 2008. 
Growth factors and cytokines in wound healing. Wound Repair and Regeneration 
16:585-601. 
Bergmann, C. 1847. Uber die verhaltnisse der warmeokonomie der thiere zu ihrer grosse. 
Gottinger Studien 1:595-708. 
Chapple, D. G., C. J. McCoull, and R. Swain. 2004. Effect of tail loss on sprint speed and 
growth in newborn skinks, Niveoscincus metallicus. Journal of Herpetology 
38:137-140. 
Dantzer, R. 2001a. Cytokine-induced sickness behavior: mechanisms and implications. 
Annals of the New York Academy of Sciences 933:222-234. 
Dantzer, R. 2001b. Cytokine-induced sickness behavior: where do we stand? Brain, 
Behavior, and Immunity 15:7-24. 
Eikenaar, C., J. Husak, C. Escallon, and I. T. Moore. 2012. Variation in testosterone and 
corticosterone in amphibians and reptiles: relationships with latitude, elevation, 
and breeding season length. American Naturalist 180:642-654. 
 123 
 
Fedorka, K. M., M. Zuk, and T. A. Mousseau. 2004. Immune suppression and the cost of 
reproduction in the ground cricket, Allonemobius socius. Evolution 58:2478-2485. 
Formanowicz, J., Daniel R, J. Brodie, Edmund D, and P. J. Bradley. 1990. Behavioural 
compensation for tail loss in the ground skink, Scincella lateralis. Animal 
Behaviour 40:782-784. 
Fox, S. F. and M. A. Rostker. 1982. Social cost of tail loss in Uta stansburiana. Science 
218:692-693. 
French, S., G. Johnston, and M. Moore. 2007a. Immune activity suppresses reproduction 
in food in food-limited female tree lizards Urosaurus ornatus. Functional Ecology 
21:1115-1122. 
French, S. S., D. F. DeNardo, and M. C. Moore. 2007b. Trade-Offs between the 
Reproductive and Immune Systems: Facultative Responses to Resources or 
Obligate Responses to Reproduction? American Naturalist 170:79-89. 
French, S. S., R. McLemore, B. Vernon, G. I. Johnston, and M. C. Moore. 2007c. 
Corticosterone modulation of reproductive and immune systems trade-offs in 
female tree lizards: long-term corticosterone manipulations via injectable gelling 
material. Journal of Experimental Biology 210:2859-2865. 
French, S. S. and M. C. Moore. 2007. Immune function varies with reproductive stage 
and context in female and male tree lizards, Urosaurus ornatus. General and 
Comparative Endocrinology 155:148-156. 
French, S. S. and L. A. Neuman-Lee. 2012. Improved ex vivo method for microbiocidal 
activity across vertebrate species. Biology Open 1:482-487. 
 124 
 
Hanssen, S. A., I. Folstad, and K. E. Erikstad. 2003. Reduced immunocompetence and 
cost of reproduction in common eiders. Oecologia 136:457-464. 
Harshman, L. G. and A. J. Zera. 2007. The cost of reproduction: the devil in the details. 
Trends in Ecology & Evolution 22:80-86. 
Johnson, P. T., J. R. Rohr, J. T. Hoverman, E. Kellermanns, J. Bowerman, and K. B. 
Lunde. 2012. Living fast and dying of infection: host life history drives 
interspecific variation in infection and disease risk. Ecology Letters 15:235-242. 
Johnson, R. 2002. The concept of sickness behavior: a brief chronological account of four 
key discoveries. Veterinary Immunology and Immunopathology 87:443-450. 
Kirkwood, T. B. and M. R. Rose. 1991. Evolution of senescence: late survival sacrificed 
for reproduction. Philosophical Transactions of the Royal Society of London B: 
Biological Sciences 332:15-24. 
Kitaysky, A. S., E. V. Kitaiskaia, J. C. Wingfield, and J. F. Piatt. 2001. Dietary restriction 
causes chronic elevation of corticosterone and enhances stress response in red-
legged kittiwake chicks. Journal of Comparative Physiology B 171:701-709. 
Lack, D. 1947. The significance of clutch-size. Ibis 89:302-352. 
Lee, K. A. 2006. Linking immune defenses and life history at the levels of the individual 
and the species. Integrative and Comparative Biology 46:1000-1015. 
López, P., M. Gabirot, and J. Martín. 2009. Immune challenge affects sexual coloration 
of male Iberian wall lizards. Journal of Experimental Zoology Part A: Ecological 
Genetics and Physiology 311:96-104. 
 125 
 
Magnhagen, C. 1991. Predation risk as a cost of reproduction. Trends in Ecology & 
Evolution 6:183-186. 
Martin II, L. B., J. Gilliam, P. Han, K. Lee, and M. Wikelski. 2005. Corticosterone 
suppresses cutaneous immune function in temperate but not tropical House 
Sparrows, Passer domesticus. General and Comparative Endocrinology 140:126-
135. 
Martin II, L. B., M. Pless, J. Svoboda, and M. Wikelski. 2004. Immune activity in 
temperate and tropical house sparrows: a common-garden experiment. Ecology 
85:2323-2331. 
Martin, J. and R. Avery. 1998. Effects of tail loss on the movement patterns of the lizard, 
Psammodromus algirus. Functional Ecology 12:794-802. 
Martin, L. B., H. J. Kilvitis, A. J. Brace, L. Cooper, M. F. Haussmann, A. Mutati, V. 
Fasanello, S. O'Brien, and D. R. Ardia. 2017. Costs of immunity and their role in 
the range expansion of the house sparrow in Kenya. Journal of Experimental 
Biology:jeb. 154716. 
Moore, M. C. 1986. Elevated testosterone levels during nonbreeding-season territoriality 
in a fall-breeding lizard, Sceloporus jarrovi. Journal of Comparative Physiology 
A 158:159-163. 
Moreau, R. E. 1944. Clutch-size: a comparative study, with special reference to African 
birds. Ibis 86:286-347. 
 126 
 
Nordling, D., M. Andersson, S. Zohari, and G. Lars. 1998. Reproductive effort reduces 
specific immune response and parasite resistance. Proceedings of the Royal 
Society of London B: Biological Sciences 265:1291-1298. 
Nur, N. 1984. The consequences of brood size for breeding blue tits I. Adult survival, 
weight change and the cost of reproduction. The Journal of Animal Ecology:479-
496. 
Nussbaum, R. A. 1981. Seasonal shifts in clutch size and egg size in the side-blotched 
lizard, Uta stansburiana Baird and Girard. Oecologia 49:8-13. 
Parker, W. S. and E. R. Pianka. 1975. Comparative ecology of populations of the lizard 
Uta stansburiana. Copeia 1975:615-632. 
Piersma, T., J. Reneerkens, and M. Ramenofsky. 2000. Baseline corticosterone peaks in 
shorebirds with maximal energy stores for migration: a general preparatory 
mechanism for rapid behavioral and metabolic transitions? General and 
Comparative Endocrinology 120:118-126. 
Råberg, L., J. Nilsson, P. Ilmonen, M. Stjernman, and D. Hasselquist. 2000. The cost of 
an immune response: vaccination reduces parental effort. Ecology Letters 3:382-
386. 
Ricklefs, R. E. 2000. Lack, Skutch, and Moreau: the early development of life-history 
thinking. The Condor 102:3-8. 
Salvador, A., J. Martin, and P. López. 1995. Tail loss reduces home range size and access 
to females in male lizards, Psammodromus algirus. Behavioral Ecology 6:382-
387. 
 127 
 
Silverin, B., B. Arvidsson, and J. Wingfield. 1997. The adrenocortical responses to stress 
in breeding willow warblers Phylloscopus trochilus in Sweden: effects of latitude 
and gender. Functional Ecology 11:376-384. 
Sparkman, A. M. and M. G. Palacios. 2009. A test of life-history theories of immune 
defence in two ecotypes of the garter snake, Thamnophis elegans. Journal of 
Animal Ecology 78:1242-1248. 
Stearns, S. C. 1989. Trade-offs in life-history evolution. Functional ecology 3:259-268. 
Tieleman, B. I., J. B. Williams, R. E. Ricklefs, and K. C. Klasing. 2005. Constitutive 
innate immunity is a component of the pace-of-life syndrome in tropical birds. 
Proceedings of the Royal Society of London B: Biological Sciences 272:1715-
1720. 
Tinkle, D. W. 1967. The life and demography of the side-blotched lizard, Uta 
stansburiana. Miscellaneous Publications of the Museum of Zoology, University 
of Michigan 132:1-182. 
Werner, S. and R. Grose. 2003. Regulation of wound healing by growth factors and 
cytokines. Physiological Reviews 83:835-870. 
 
  
 128 
 
CHAPTER V 
URBANIZATION AND PHYSIOLOGICAL ECOLOGY IN 
 SIDE-BLOTCHED LIZARDS (UTA STANSBURIANA) 
 
INTRODUCTION 
 
Human activities have affected every aspect of ecology on earth (Crutzen 2006, 
Steffen et al. 2007). The effects of this massive anthropogenic change include extinction 
rates of at least 100-1000 times the estimated rate before humans, and this rate is 
expected to increase if activities go unchecked (Pimm et al. 1995). Although 
overexploitation and poaching certainly contribute (Rosser and Mainka 2002, Branch et 
al. 2013), as does global climate change (Thomas et al. 2004, Cahill et al. 2012), the 
largest driver of human-caused extinctions worldwide is habitat destruction and 
degradation (Pimm and Raven 2000). Urbanization is a powerful and damaging 
component of habitat change (McKinney 2006), and is estimated to be the most 
dangerous threat to biodiversity in the United States (Czech et al. 2000). Conservationists 
must use multifaceted approaches to address these multifaceted problems. To this end, we 
utilize physiological ecology to investigate life-history characteristics and how the 
physiological attributes of individuals affect populations in human-altered landscapes. 
Physiological assessments are useful because they allow researchers to determine 
the causes of anthropogenic damage and how those stressors affect organisms at an 
individual level (Cooke et al. 2013). Furthermore, physiological data can be gathered in 
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non-invasive (Narayan 2013) or minimally invasive ways (Kersey and Dehnhard 2014), 
and physiological assessments of individuals provide rapid feedback that can inform 
management decisions, potentially mitigating problems before they grow out of control 
(Wikelski and Cooke 2006). However, conservation physiology is a relatively young 
discipline, and as such there are few studies that have collected physiological parameters 
long enough to determine how animals adapt to changing environments. There is a 
paucity of empirical evidence linking physiological parameters with survival and, 
ultimately, fitness (Wikelski and Cooke 2006). 
To address this gap, we collected physiological data from side-blotched lizards 
(Uta stansburiana) at urban and rural sites annually since 2012 (5 years). A previously-
published (although short-term) study on this system suggested that urban lizards had 
lower survival probabilities compared to their rural counterparts and increased their 
reproductive investment at the expense of self-maintenance (Lucas and French 2012). 
Our objective for this project was to expand upon that preliminary investigation by (1) 
increasing the number of field sites, and (2) evaluating annual survival across multiple 
years. We hypothesized that urban lizards would exhibit lower estimated annual survival 
compared to rural animals and would have higher reproductive investment similar to the 
results described in the aforementioned paper. However, with more sites and more years 
of data we expect to learn how individuals in populations use physiological attributes to 
deal with stressors on a finer scale. This project is ongoing, and this chapter represents a 
summary of findings and trends from 2012-2016. 
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MATERIALS AND METHODS 
 
Study Sites 
We sampled sexually mature adult male and female U. stansburiana from six 
locations within and around Saint George, Utah, between May 2012-May 2016. For the 
past five years, the Saint George metropolitan area has been among the fastest growing in 
the United States, and is currently ranked 6th with a growth rate of 3.1% (U.S. Census 
Bureau, 2017). The established urban center, along with the quickly expanding sprawl, 
presents researchers with a prime model for studying urbanization. Three sites were 
comprised of patch habitats located within Saint George. They were exposed daily to 
human impact in the form of recreational activities (such as jogging and trail running), as 
well as construction and maintenance activities. The three rural sites were located in the 
Dixie National Forest, and were not exposed to such human pressures. 
 
Field Capture, Measurements, & Samples 
We captured all individuals via noosing between 08:00-13:00 with the 
consideration that lizard activity and corticosterone levels exhibit daily fluctuations. 
Within 3 min of each capture, we collected blood samples from the retro-orbital sinus 
using a heparinized capillary tube. By collecting blood samples within this timeframe, we 
were able to determine baseline corticosterone concentrations, which is related to the 
animal’s current stress level (Lucas and French 2012). We stored blood samples on ice 
until further processing could take place upon conclusion of daily collection, at which 
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time we separated the plasma from cells via centrifugation and stored the samples at -
20°C.  
Upon capture, we toe-clipped and marked individuals with a unique 4-digit code 
and marked their dorsal surfaces with non-toxic paint pen for visual identification. We 
determined sex, mass, snout-vent length (SVL), dewlap coloration, bite scars, tail breaks, 
and presence of ectoparasites. By regressing SVL on body mass and calculating the 
residuals, we provided a body condition score for each individual. For females, we 
additionally scored vitellogenic stage, counted the number of follicles in their current 
clutch, and measured total follicular length via ultrasonography. Upon completion of all 
sampling and data collection, we returned individuals to their point of capture. All 
experimental procedures were approved by Utah State University IACUC (protocol 
2068) and Utah Division of Wildlife Resources (COR 1COLL8382). 
 
Blood Analysis 
 We used a series of tests on the blood samples to assess individual immune function 
and stress physiology. For innate immune measures, we conducted an Escherichia coli 
bacteria-killing assay to determine levels of resistance to infection. We conducted the 
assay according to a previously established protocol (French and Neuman-Lee 2012). We 
added plasma samples (6 μL) to sterile CO2-Independent Media (Gilco© 16 μL) with 
glutamine, mixed, and added to an Escherichia coli suspension (1x105 CFU in PBS; 5 
μL) into each well of a 96-well plate. We incubated the plate for 30 m at 37°C and added 
125 μL of sterile tryptic soy broth to each well. We included both negative and positive 
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controls. We used a microplate reader (BioRad xMark; Hercules, California) to read a 
baseline spectrophotometry measurement for the plate. We incubated the plate at 37°C 
for 12 h and then read a second time to evaluate bacteria growth. We calculated raw 
values by subtracting the baseline measurements from the measurements after 12 h of 
incubation. We then calculated final bacterial killing values as the percentage of the 
positive controls (where positives were considered 100% bacterial growth).  
We measured plasma corticosterone levels via radioimmunoassays (RIAs) using a 
previously described and established protocol (Moore 1986, Neuman-Lee and French 
2014) and completed such assays in duplicate. Briefly, we added 30% ethyl 
acetate:isooctane mixture to plasma samples and snap-froze them by immersion in dry ice 
and methanol, and the supernatant was evaporated using nitrogen gas and re-suspended in 
phosphate buffered saline. We calculated recoveries using a separate aliquot of these re-
suspended fractions which allowed for adjustment of the final sample concentration. 
Reactive oxygen metabolites in the plasma were measured to determine if there 
were elevated levels of oxidative stress. We followed the protocol included with the d-
ROMs Test kit (Diacron, Grosseto, Italy). Briefly, we mixed the provided R1 and R2 
reagents in a 1:100 dilution to create an acidic buffered solution with a chromogen. This 
resulting solution was kept in the dark until 5 µl of sample plasma was added into 
separate wells of a 96-well microplate and 100 µl of the R1/R2 solution was added to each 
well. Nanopure water was used as sample blanks and the provided serum was used as a 
calibrator solution. We followed the “end-point mode” from the manufacturer’s protocol 
and measured absorbance at 505 nm after a 90 m incubation at 37° C. The resulting units 
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are in mg H2O2/dl (1 CARR U = 0.08 mg H2O2/dl). Similarly, we followed the protocols 
included with the OXY-Adsorbant Test kit (Diacron, Grosseto, Italy) to measure the 
antioxidant capacity of the plasma. Samples were diluted with Nanopure water in a 1:50 
ratio and added to separate wells of a 96-well plate. The samples were then subjected to 
an oxidative challenge of hypochlorous acid. Absorbance was measured at 505 nm for 
each row immediately after a chromogen was added to determine the ability of the 
plasma to defend against the oxidative challenge. 
 
Survival Estimates 
We estimated survival using a Cormack-Jolly-Seber (CJS) Capture-Mark-
Recapture (CMR) technique (Anderson and Burnham 1999) and package RMARK 8.0 
within an R environment (Laake 2013). As previously described, we toe-clipped and 
marked 813 individuals from six study sites. Since the CMR design allows for survival 
estimates to be based on physiological states and other phenotypic characteristics, we 
included baseline corticosterone concentration, microbiocidal ability, reactive oxygen 
metabolites, oxidative barrier, and sex as covariates to determine how these parameters 
were driving survival over time within and among these populations. We compared 
models against one another, including a null model that did not include covariates and 
assumed no differences in survival nor detectability within populations. 
For model selection, we used Akaike Information Criterion corrected for small 
sample sizes (AICc), which employs a balance between precision in parameter estimation 
and model fit (Anderson and Burnham 1999). As such, lower AICc values indicate 
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models best supported by the data (Akaike 1998). We used Akaike weights (wi) as an 
index of the relative support for each model. We calculated survival estimates by back-
transforming beta estimates generated from candidate models on a logit scale (i.e., the 
logit function transforms beta estimates into survival probabilities constrained between 0 
and 1). 
We used a generalized linear model to compare urban and rural sites during wet 
and dry years with physiological and survival estimates. Precipitation data were gathered 
from the Saint George Regional Airport (KSGU), and the precipitation-year coincided 
with the sampling interval between years, such that the overall precipitation for 2013 
equaled the sum of monthly totals (cm) from June 2012 to May 2013. The average 
precipitation year for 2013-2016 was 14.10 ± 2.15 cm, so the two years that exceeded this 
average (2014 and 2016) were referred to as “wet” years, and 2013 and 2015 were 
classified as “dry”. We used a normal distribution and an alpha-level of P = 0.05 in JMP 
12.0.1TM (Statistical Analysis Software, Cary, North Carolina, USA), and created figures 
with GraphPad Prism 7 (GraphPad Software, San Diego, California, USA). 
 
RESULTS 
 
Physiological parameters were used to inform candidate models and estimate 
survival probability for each site, and the top model differed from site to site. For Rural 
Site 1, the top model for estimating survival included time as a covariate. The top model 
for Rural Site 2 included microbiocidal ability as a covariate, and the second-best model 
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for both of these sites was the null. The top model for Rural Site 3 included reactive 
oxygen metabolites as a covariate, and the second-best model included microbiocidal 
ability. For Urban Sites 1 and 2, the top models included time as a covariate, and the 
second-best models were null. Urban Site 3’s top model was the null. Site models and 
their associated AICc-scores, δ AICc-scores, and Akaike weights can be found in Tables 
5-1 through 5-6, and the top model survival estimates are shown in Figure 5-1 and by 
year in Figure 5-2. Overall, urban lizards exhibited reduced survival compared to rural 
animals (χ21 = 8.67, P < 0.01), and survival decreased during wet years (χ21 = 47.09, P < 
0.001), with rural animals’ survival decreasing more in response to wet years (χ21 = 
13.44, P < 0.01) (Fig. 5-3). 
 
 
Table 5-1. Candidate model summaries for Rural Site 1. Time was the covariate in the 
top model, although the null model, reactive oxygen metabolites, and microbiocidal 
ability were covariates in models within 2 δAICc of the top model. 
 
model K AICc δAICc weight Deviance 
Phi(~Time)p(~1) 3 52.13796 0 0.245293 8.746968 
Phi(~1)p(~1) 2 52.55909 0.421128 0.198718 11.3162 
Phi(~reactive oxygen 
metabolites)p(~1) 
3 52.62534 0.487378 0.192243 46.33266 
Phi(~microbiocidal 
ability)p(~1) 
3 53.04293 0.904969 0.156017 46.75025 
Phi(~baseline 
corticosterone)p(~1) 
3 54.62605 2.488084 0.070697 48.33336 
Phi(~oxidative 
barrier)p(~1) 
3 54.68715 2.549183 0.06857 48.39446 
Phi(~sex)p(~1) 3 54.69034 2.552378 0.068461 11.29935 
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Table 5-2. Candidate model summaries for Rural Site 2. Microbiocidal ability was the 
covariate in the top model. 
model K AICc DeltaAICc weight Deviance 
Phi(~microbiocidal 
ability)p(~1) 
3 63.47516 0 0.354564 57.21429 
Phi(~1)p(~1) 2 64.4173 0.94214 0.221366 18.46174 
Phi(~sex)p(~1) 3 65.8911 2.415945 0.105945 17.80371 
Phi(~baseline 
corticosterone)p(~1) 
3 66.39319 2.918035 0.082424 60.13232 
Phi(~oxidative 
barrier)p(~1) 
3 66.43823 2.963067 0.080588 60.17736 
Phi(~reactive oxygen 
metabolites)p(~1) 
3 66.48218 3.00702 0.078837 60.22131 
Phi(~Time)p(~1) 3 66.54823 3.073068 0.076276 18.46083 
 
 
 
 
 
 
 
 
 
 
Table 5-3. Candidate model summaries for Rural Site 3. Reactive oxygen metabolite 
concentration was the covariate in the top model. 
model K AICc DeltaAICc weight Deviance 
Phi(~reactive oxygen 
metabolites)p(~1) 
3 85.94603 0 0.543159 79.79119 
Phi(~microbiocidal 
ability)p(~1) 
3 88.57367 2.62764 0.145997 82.41883 
Phi(~1)p(~1) 2 89.16352 3.217488 0.108707 10.6292 
Phi(~baseline 
corticosterone)p(~1) 
3 89.94486 3.998825 0.073552 83.79002 
Phi(~oxidative 
barrier)p(~1) 
3 90.70688 4.760846 0.050248 84.55204 
Phi(~sex)p(~1) 3 91.19978 5.253745 0.039273 10.58754 
Phi(~Time)p(~1) 3 91.21044 5.264407 0.039064 10.5982 
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Table 5-4. Candidate model summaries for Urban Site 1. Time was the covariate in the 
top model, Reactive oxygen metabolite concentration was the covariate in the top model, 
although the null model, reactive oxygen metabolites, and microbiocidal ability were 
covariates in models within 2 δAICc of the top model. 
 
model K AICc DeltaAICc weight Deviance 
Phi(~Time)p(~1) 3 52.13796 0 0.245293 8.746968 
Phi(~1)p(~1) 2 52.55909 0.421128 0.198718 11.3162 
Phi(~reactive oxygen 
metabolites)p(~1) 
3 52.62534 0.487378 0.192243 46.33266 
Phi(~microbiocidal 
ability)p(~1) 
3 53.04293 0.904969 0.156017 46.75025 
Phi(~baseline 
corticosterone)p(~1) 
3 54.62605 2.488084 0.070697 48.33336 
Phi(~oxidative 
barrier)p(~1) 
3 54.68715 2.549183 0.06857 48.39446 
Phi(~sex)p(~1) 3 54.69034 2.552378 0.068461 11.29935 
 
 
 
 
 
 
 
 
Table 5-5 Candidate model summaries for Urban Site 2. Time was the covariate in the 
top model. 
 
model K AICc DeltaAICc weight Deviance 
Phi(~Time)p(~1) 3 26.04152 0 0.612045 1.832953 
Phi(~1)p(~1) 2 29.03229 2.990773 0.137197 7.005464 
Phi(~sex)p(~1) 3 30.82948 4.787966 0.055859 6.620919 
Phi(~microbiocidal 
ability)p(~1) 
3 30.92285 4.881336 0.053311 24.56465 
Phi(~baseline 
corticosterone)p(~1) 
3 31.07472 5.033206 0.049412 24.71652 
Phi(~oxidative 
barrier)p(~1) 
3 31.21403 5.172509 0.046088 24.85582 
Phi(~reactive oxygen 
metabolites)p(~1) 
3 31.21403 5.172511 0.046088 24.85582 
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Table 5-6. Candidate model summaries for Urban Site 3. The null model was the top 
model, but reactive oxygen metabolites, microbiocidal ability, and baseline corticosterone 
concentration were covariates in models within 2 δAICc of the top model. 
 
model K AICc DeltaAICc weight Deviance 
Phi(~1)p(~1) 2 58.05248 0 0.282388 9.578177 
Phi(~reactive oxygen 
metabolites)p(~1) 
3 59.28003 1.22755 0.152857 53.08169 
Phi(~microbiocidal 
ability)p(~1) 
3 59.43401 1.381532 0.14153 53.23567 
Phi(~baseline 
corticosterone)p(~1) 
3 59.65885 1.606366 0.126482 53.4605 
Phi(~sex)p(~1) 3 60.14766 2.095175 0.099057 9.573365 
Phi(~Time)p(~1) 3 60.15148 2.098998 0.098868 9.577189 
Phi(~oxidative 
barrier)p(~1) 
3 60.15247 2.099985 0.098819 53.95412 
 
 
 
Fig. 5-1: Best-model survival estimates by site. 
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Fig. 5-2: Best-model survival estimates by site and year. 
 
 
 
Fig. 5-3: Survival likelihood by site-type (urban or rural) and wet or dry year. 
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Fig. 5-4: Physiological parameters by site and year. 
 
 
There was little year-to-year variation among most physiological parameters 
measured (Fig 5-4), but there were sex differences in baseline corticosterone 
concentration, with females averaging 26.67 ± 1.10 and males averaging 16.60 ± 1.06 
ng/ml (χ21 = 40.56, P < 0.001) (Fig. 5-5). Females also had higher average reactive 
oxygen metabolites (χ21 = 41.93, P < 0.001), and urban animals of both sexes had higher 
metabolites as well (χ21 = 9.78, P < 0.01), although there was no significant interaction 
(Fig. 5-6). In dry years, there were higher baseline corticosterone concentrations (χ21 = 
4.61, P < 0.03) (Fig. 5-5) and reactive oxygen metabolites (χ21 = 77.52, P < 0.001), and 
females’ metabolites increased more than the male’s in response to drought (χ21 = 23.23, 
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P < 0.001) (Fig. 5-7). There was a strong interaction with site type and precipitation, with 
rural animals increasing their clutch size in wet years and urban animals decreasing (χ21 = 
16.93, P < 0.001) (Fig. 5-8). 
 
 
 
Fig. 5-5: Baseline corticosterone concentration by sex in wet and dry years. 
 
 
 
Fig. 5-6: Reactive oxygen metabolites by sex and site type (urban or rural). 
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Fig. 5-7: Reactive oxygen metabolites by sex in wet and dry years. 
 
 
 
Fig. 5-8: Clutch number by site type (urban or rural) in wet and dry years. 
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DISCUSSION 
 
From data collected in the summer of 2010 at two urban and two rural sites, Lucas 
and French (2012) found that survival estimates were higher at rural sites, which we have 
confirmed using more sites across multiple years. However, the most important 
covariates in their top models were corticosterone response and microbiocidal ability, 
while we observe that time is the most important factor at one rural and two urban sites, 
microbiocidal ability is the most important factor at one rural site, and reactive oxygen 
metabolites are most important at another rural site. It is likely that annual variation is 
critically important for estimating survival likelihood in these populations. For example, 
Urban Site 2’s top model incorporates time as a covariate, probably because this site was 
destroyed by a construction project between 2015-2016. Microbiocidal ability is a 
covariate in the top model for Rural Site 2, which has the second-highest survival 
estimate of all sites. It is possible that longer-lived animals rely more on a robust immune 
response at this site. Reactive oxygen metabolites were a covariate in models within 2 
δAICc of the top models at four sites, indicating that monitoring this physiological 
parameter could be important when predicting survival likelihood. Reactive oxygen 
metabolites varied by year more than the other measured physiological parameters, and 
they were also sensitive to the effects of sex, site type, and rainfall, further strengthening 
its utility as a metric. Reactive oxygen metabolites were higher in females, and higher at 
urban sites, but decreased during wetter years. 
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We expected higher survival with increased precipitation, but found the opposite 
effect, with rural animals decreasing their survival likelihood more than the ones in urban 
populations. Dugger et al. (2004) found decreased survival with increased rainfall in 
black-and-white warblers and American redstarts, and suggested that interspecific 
competition could increase in wetter years or that habitat suitability could decrease with 
more rain. We observed greater baseline corticosterone concentrations in wetter years, 
which might indicate stress from increased competition, or, more likely, predation. 
Alternatively, the habitat suitability argument might explain why rural animals were more 
affected than their urban counterparts, which are buffered from large changes in water 
availability by human activities such as irrigation and flood mitigation. 
A more probable explanation is that urban and rural animals employ different 
strategies when weighing reproductive costs against survival and face fundamentally 
different stressors. In dry years, urban lizards had an average clutch size of 4.38 ± 0.11 
whereas rural animals averaged 3.99 ± 0.12. In wet years, both rural and urban lizards’ 
survival estimates decreased by approximately 30%, but urban animals were almost six 
times more likely to die than rural lizards, regardless of precipitation. Given the higher 
oxidative stress at urban sites, the stress involved with higher rainfall (whether driven by 
abiotic or biotic factors) might be so energetically taxing that the lizards are limited in 
clutch size, which is reduced by more than half an egg per clutch in wet years. Rural 
lizards, with a reduced oxidative stress load and greater survival likelihood, might be 
better able to exploit resources available in wetter years, which could explain the increase 
of almost a third of an egg per clutch. 
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This project is ongoing. By estimating abundance at these sites over more years, 
we can estimate population density, which might also be an important factor in future 
analyses. 
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CHAPTER VI 
CONCLUSION 
PHYSIOLOGICAL TRADE-OFFS IN LIZARDS: COSTS  
FOR INDIVIDUALS AND POPULATIONS3 
 
The immune system is a critical component of health and fitness, whereby 
organisms must maintain sufficient health to survive to reproduce. Because of the key 
role of immunity in an organism’s fitness, the use of immunological indices is 
widespread. However, there is a paucity of empirical support for the best way to interpret 
immunological data, and the internal energetic state of the organism, as well as the 
external environmental pressures it faces, are often not considered concurrently. A 
stronger immune response is not always beneficial to the organism; a more attenuated 
response may ultimately lead to improved fitness if the animal incurs fewer performance 
costs on competing systems, especially reproduction. Additionally, the external pressures 
animals encounter (such as anthropogenic disturbance) must be considered along with the 
animal’s internal state. A synthesis of results addressing resource allocation between the 
immune and reproductive systems is presented using a well-studied organism, the side-
blotched lizard, from a combination of field and laboratory studies under varying 
environmental conditions. Specifically, experiments involving specific immune, 
reproductive, metabolic, and performance costs in a laboratory setting are discussed, as 
                                                 
3 Coauthored by Geoffrey D. Smith and Susannah S. French. Reprinted with permission from Integrative 
and Comparative Biology. 
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well as associated demographic trade-offs between survival and reproductive success, 
demonstrating essential links between immunity and the population. 
 
INTRODUCTION 
 
To reproduce, organisms must survive. Although a robust immune system can 
increase the likelihood of survival in animals facing pathogens, the myriad trade-offs 
associated with immunity and reproduction muddle the picture (Lochmiller and 
Deerenberg 2000; Sheldon and Verhulst 1996). Trade-offs between the immune system 
and other fitness parameters have been investigated extensively in traditional model 
organisms such as Drosophila melanogaster (Kraaijeveld and Godfray 1997; McKean 
and Nunney 2001), field crickets in the genus Gryllus (Adamo et al. 2001; Jacot et al. 
2004; Rantala and Kortet 2003), and lab mice (Demas et al. 1997; Klein 2000), among 
others. In response to the genetic similarity of lab strains, many researchers are using 
nontraditional models that might be more appropriate to specific questions. Important 
work has been done with wild birds (Ardia et al. 2003; Hamilton and Zuk 1982; Ilmonen 
et al. 2000), lizards (Cox et al. 2010; Dunlap and Schall 1995; French and Moore 2007) 
and mammals (Derting and Compton 2003; Graham et al. 2010). 
 
When investigating physiological systems in wild animals, external stressors and 
internal energy budgets must be taken into consideration to view the organism in context 
(Norris and Evans 2000; Wingfield and Sapolsky 2003). Investigating ecoimmunology 
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within this ecological context is our objective, and to meet this end we combine 
controlled laboratory experiments and long-term field studies and measure a multitude of 
physiological and ecological parameters. By using this integrative approach, we can 
extricate the costs of reproduction and immunity, and, ultimately, link these two systems 
to understand how they dictate an organism’s reproductive success and lifetime fitness. 
 
Appropriate Immune Responses are Context-dependent 
In some situations, mounting a large immune response can clear the organism of 
the infection quickly, improving survival probability and the likelihood of reproduction 
(Kluger et al. 1975). However, given the costly nature of immunity and its direct 
competition with other systems, reproductive output, and ultimately fitness, might benefit 
from an attenuated response (Ardia and Schat 2008; Demas et al. 2012). In fact, many 
wild animals live with chronic, life-long infections (Moret and Schmid-Hempel 2000; 
Ressel and Schall 1989). The countless examples of parasites coevolving with their hosts 
indicate that this is not the exception, but the norm (Lively 1996). Unfortunately, the 
complicated and numerous relationships among the immune, neurological, and endocrine 
systems makes it difficult to separate the different energetic costs and response to stimuli, 
and highly-controlled laboratory studies rarely mirror field conditions. Because natural 
selection occurs on the landscape of ecological variation, it is important to consider those 
pressures and restrictions. It is also important to consider that although pathogens can 
damage tissues, a forceful response can as well (Medzhitov 2007). The immune system 
must function in such a way that is protective of the organism to improve fitness (Viney 
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et al. 2005), and the goal of our research how the immune system responds to different 
challenges under different conditions. 
 
Reptiles as a Model 
Reptiles are useful models for examining trade-offs between physiological 
systems due to their ecology and physiology, in addition to their suitability for lab and 
field studies. The reason we use reptiles for much of our research are described below: 
 
Ectothermic 
Unlike mammalian models, the body temperature of reptiles can be altered 
experimentally (Maung 1963) or held constant (Angilletta and Sears 2000), making the 
animals functionally homeothermic. This allows us to test for optimal temperatures for 
certain immunological pathways that evolved before metabolic thermoregulation held 
everything constant (Zimmerman et al. 2010). Using readily-available environmental 
chambers, temperature treatments can be given to the animals, and by using temperature-
loggers, the behavioral thermoregulation of free-living individuals can be correlated with 
other measures of performance (Taylor et al. 2004). 
 
Discrete Reproductive Investment 
The costs of reproduction can come in many forms. The energy required for 
gamete production (Olsson et al. 1997) and follicular development (Krawchuk and 
Brooks 1998) are straightforward, but courtship (Sullivan and Kwiatkowski 2007), 
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carotenoid deposition (Vinkler and Albrecht 2010), and parental care (Case 1978) can 
also demand large energetic costs. Although viviparity has evolved multiple times in 
reptiles (Shine 1995), ~85% of species lay eggs (Tinkle and Gibbons 1977), which are 
discrete reproductive investment units that can be further broken down by nutrient 
composition to the yolk and other components (Congdon and Gibbons 1985). The rare, or 
infrequent, parental care in reptiles simplifies the complicated behavioral investment 
made by most birds, and the relatively huge energetic investment of lactation in 
mammals. Furthermore, noninvasive techniques like ultrasonagraphy are useful in 
determine accurate clutch numbers and follicle sizes (Gilman and Wolf 2007). 
 
Seasonality 
Most reptiles (unlike humans and many other animals) have predictable seasonal 
patterns. Even in tropical regions where temperature in largely constant and hibernation 
does not occur, water availability causes animals to utilize favorable periods of time to 
reproduce and other periods to restore energy reserves or preserve them via torpor or 
estivation (Logan et al. 2014; Moritz et al. 2012). Comparing animals from the breeding 
season and nonbreeding season is a useful way to measure the energetic and nutritional 
cost of reproductive effort, and the effects of reproductive investment on immunity. 
 
Territoriality and Housing 
Many reptiles are territorial, meaning they are conspicuous and easy to catch. We 
can also take advantage of their site fidelity to recapture them days later and actually 
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conduct immune trials in the field, which can be exceedingly difficult for other animals 
with low chances of recapture (Smith et al. 2013). This allows investigation of acquired 
immunity by exposing animals to a mitogen and testing their response at a later time, or 
measuring wound healing over a time course in free-living animals. Although some 
reptiles can get very large, most are small, and many are easily housed in commercially-
available terraria. The large and active herpetocultural community is also a good resource 
for husbandry information. The ease of captive care makes these animals prime for 
laboratory studies. 
 
METHODOLOGICAL APPROACHES 
 
Several tests have been developed to quantify the ecology and physiology of non-
model organisms, including reptiles. In our lab, we use several physiological tests to 
determine an animal’s survival and reproductive viability. Wound healing is an immune 
challenge that involves multiple aspects of the immune system. Furthermore, it is 
ecologically relevant as lizards are often wounded in the wild by predators or 
conspecifics. Bite marks, broken tails, and other wounds are common in the side-blotched 
lizards we often study, and the closely related ornate tree lizard (Urosaurus ornatus) can 
have wounded rates exceeding 50% (French et al. 2006). Furthermore, given that injury 
prevalence can differ by sex in some species, like Sceloporus undulatus (Thawley and 
Langkilde 2017), but not others, like Tiliqua adelaidensis (Fenner et al. 2008), interesting 
experiments involving hormones and behavior can be designed. Sterile biopsy punches 
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are used on anesthetized lizards, and digital images immediately after the wound and 
throughout the healing profile allow us to determine healing rate (French et al. 2006). 
Bactericidal assays are similarly relevant to wild animals, which must respond to 
infections. Briefly, a known concentration of bacteria is added to the animal’s plasma, 
which contains important immunological components. Natural antibodies, phagocytes, 
and other components kill the bacteria. Measuring the growth of resulting bacteria allows 
us to determine the bactericidal capacity of the plasma. The assay is customizable, and 
can be used with many types of bacteria and different temperatures depending on the 
question (French and Neuman-Lee 2012). In addition to these tests and others (lysis and 
agglutination, mitogen challenges, and more) we use a portable ultrasound to measure 
reproductive investment, often in conjunction with sex steroid analysis. Measuring the 
immunocompetence and reproductive investment of an animal can help us determine 
what energetic decision are occurring, but other simultaneous processes can complicate 
the results. For this reason, we also utilize stable isotope analysis to track resource 
movement through the animal, along with energy metabolites in the blood and metabolic 
rate to assess energy use and status. Circulating and challenge-induced hormone 
concentrations are measured, and so is oxidative stress. 
 
RESULTS AND DISCUSSION 
 
The costs of reproduction and immunity are both material (proteins and essential 
minerals) and energetic, and if resources are limited the reproductive and immune 
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systems are in competition for them. By using ecologically relevant techniques, we have 
demonstrated that trade-offs between the immune and reproductive systems are highly 
context-dependent (see Table 6-1). In wild tree lizards (Urosaurus ornatus), investment 
into reproduction came at the expense of wound healing, which was approximately 30% 
slower during the energetically-taxing period of vitellogenesis (French and Moore 2008). 
Administration of follicle-stimulating hormone (FSH) caused a further increase in 
reproductive investment that resulted in wound healing half as quickly as the control 
animals when resources were held constant (French et al. 2007). In another study, N15 (a 
stable isotope) was injected into side-blotched lizards (Uta stansburiana) during 
vitellogenesis and a cutaneous biopsy was administered as an immune challenge. The 
animals were euthanized and dissected at the end of the experiment, and lizards injected 
with FSH incorporated 3-4 times more N15 into their eggs than the controls. There was a 
negative correlation between scab and egg enrichment, indicating that the immune 
challenge reduced reproductive investment in a trade-off. However, when animals were 
also injected with FSH, the trade-off reversed and a positive correlation emerged (Smith 
et al., in prep.). These animals also had higher metabolic rates, and the simultaneous 
investment into two competing systems could indicate that the animals were manipulated 
toward a terminal investment, whereby energy is diverted from self-maintenance and 
toward immediate reproduction (Creighton et al. 2009). To further complicate these 
relationships, the immune system can mobilize or reserve energy differently depending 
on the challenge. For instance, side-blotched lizards receiving lipopolysaccharide did not 
show an increase in metabolic rate as expected, but lizards receiving a cutaneous biopsy 
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dropped their metabolic rates by more than 25% in response, probably due to sickness 
behavior (Smith et al. 2017). 
When animals make resource allocations to immune and reproductive processes, 
other important aspects of their performance can suffer as well. We observed sprint 
speed, a factor important for escaping predators (Husak et al. 2006), in control lizards and 
lizards that received a cutaneous biopsy. There was a negative relationship with wound 
healing and sprint speed, perhaps due to energetic or protein prioritization, or behavioral 
changes (Hudson, unpublished data). It may also be due to an overall downregulation of 
metabolism following a wound that we have observed repeatedly in side-blotched lizards 
(Smith et al. 2017). Sprint speed and similar metrics are important to consider for reasons 
other than escape from predators alone. Sprinting can be important for territory 
maintenance, which can affect reproductive success (Husak and Fox 2006). Additionally, 
sprinting can be crucial for prey acquisition (Brodie III and Brodie 1990), but also costs 
energy to perform, making it important to consider when estimating energy budgets. 
 
What is Natural? 
The strength of laboratory studies comes from the high degree of control 
researchers can achieve on their experimental treatments. However, the very mechanisms 
we are trying to understand evolved in a variable landscape, so field studies are crucial to 
understand the organisms within their natural context (see Table 6-2). Further 
complicating matters is the anthropogenic impact on virtually every ecosystem on the 
planet. To address the effect of humans altering the landscape itself, we sampled urban 
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and rural populations of side-blotched lizards (Uta stansburiana) inside and near the city 
of Saint George, Utah. This short-lived species was expected to display differences in 
resource allocation across urban and rural sites, and in 2010 urban animals had stronger 
stress responses, increased reproductive investment (approximately one more egg per 
clutch, but a 20% reduction in microbiocidal ability (Lucas and French 2012). However, 
subsequent years of study have shown that precipitation can influence these factors. 
During wetter years, lizards had approximately one more egg per clutch, but only half the 
microbiocidal ability. Urban animals had more variation among these traits, perhaps 
indicating greater phenotypic plasticity (Smith et al., in prep.). A disparity in diet, based 
on isotope signature, also emerged between urban and rural sites (Durso et al., in review) 
The ultimate goal of the long-term sampling effort in Saint George is to determine 
how physiological attributes of individuals contribute to populations over time. Lucas and 
French (2012) found reduced survival at the urban sites within a season, and a multi-year 
population model corroborates that finding (Smith et al., in prep.). Given the pressures 
associated with urbanization, the differences in reproductive and immune investment 
might ameliorate the reduced survival at urban sites and improve fitness. However, this 
long-term project is ongoing and time will tell how these highly communicative 
physiological systems interact in different environmental situations. 
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Short-lived and Long-lived Species 
 
Latitudinal variation in lifespan in a short-lived species 
 
Certain attributes must be known to measure an animal’s performance or fitness 
potential, including lifespan. Native to North America, side-blotched lizards range from 
central Washington state and Oregon in the northern part of their range, down through 
southern Utah and into Arizona in the southern part of their range (Brennan 2009). Side-
blotched lizards are known to be longer-lived at northern latitudes than in the south 
(Tinkle 1967), so it stands to reason that physiological criteria vary along a latitudinal 
gradient as well, as reported in reptiles and amphibians by Eikenaar et al. (2012). In 
2012, lizards in Oregon (at higher latitudes) had higher average corticosterone 
concentrations by 30% and higher innate immune ability by 20%, but only 75% the 
reproductive investment compared to lizards in southern Utah when measuring clutch 
size. We hypothesized that the longer lifespans in northern animals would allow them 
future reproductive opportunities if they survived to the next breeding season, so 
increasing immune function at the expense of immediate reproduction was favorable. 
More southerly lizards were limited in terms of lifespan and were investing in immediate 
reproduction (Smith et al., in prep.). Other studies have investigated life-history 
differences in conspecific ectotherms across a latitudinal gradient. Specifically, Tuttle 
and Gregory (2012) found that great-plains gartersnakes (Thamnophis radix) achieve 
larger sizes at northern latitudes while still reaching reproductive maturity at a similar age 
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as southern individuals, and Sears and Angilletta Jr (2004) found contrasting results 
among species in the genus Sceloporus, likely explained by differences in juvenile 
survivorship across latitudinal gradients. Scharf et al. (2015) found that multiple taxa of 
lizards, generally, had longer lifespans closer to the poles and were larger in size, and that 
reproductive investment increased moving away from the poles. Our study supports this 
framework, but more work is needed in this burgeoning field. 
Even the longest-lived side-blotched lizards rarely exceed 7-years old, and these 
individuals are exceptional (P.A. Zani, pers. comm.), but reptiles also include some of the 
longest-living vertebrates known to science, with some species living more than 100 
years (Garrick et al. 2012). Marine iguanas (Amblyrhynchus cristatus) have an extended 
reproductive life (Wikelski and Wrege 2000) and appear to utilize a different strategy in 
response to anthropogenic disturbance, making them a good model to study how longer-
lived species cope with change. In the Galápagos, human disturbance was clearly causing 
physiological changes in these threatened lizards. Females from sites with no ecotourism 
were developing clutches with almost 30% more follicles than females from the more 
disturbed sites. Furthermore, as tourism intensity increased, there was a strong negative 
relationship with microbiocidal ability and a positive relationship with reactive oxygen 
species. This could be because these animals are entering a resource-saving state and 
reducing unnecessary expenditures, or because the stress of living with tourists is 
detrimental to these animals (French et al. 2017). In any case, populations with reduced 
reproductive output and decreased investment in immunity might be more susceptible to 
local extinction. The northern Bahamian rock iguana (Cyclura cychlura) is also long-
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lived, with an estimated lifespan of at least 30 years of age (Iverson et al. 2004). Endemic 
to the Bahamas, these lizards are listed as vulnerable on the International Union for 
Conservation of Nature Red List (Knapp et al. 2004). We are working in collaboration 
with the Shedd Aquarium to follow up on studies by Knapp et al. (2013), who found 
altered blood chemistry, including elevated blood glucose at sites frequented by tourists. 
Researchers also found that along with altered diet at tourist sites there is increased 
population abundance and decreased survival, (Hines 2011; Iverson et al. 2006; Smith 
and Iverson 2015), hinting at similar population responses to those observed in side-
blotched lizards in response to urbanization. More recently we have also been measuring 
reproductive investment, immunity and oxidative stress across these populations. 
 
CONCLUSIONS 
 
A bigger immune response is not necessarily better for survival and fitness in wild 
animals. Being efficient with energetic and material resources among physiological 
systems, while responding appropriately to different stressors, appears to be most 
important. Our research up to this point indicates that there is a direct competition for 
resources between the immune and reproductive system, and these resources can include 
both energy and proteins. However, these trade-offs are not always predictable, and vary 
with reproductive stage, energy availability, and external stressors. Furthermore, 
behavioral changes like reduced sprint speed or sickness behavior must be considered 
when determining the animal’s overall performance and likelihood of survival. Similarly, 
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increased immune efficiency rather than maximized response robustness is likely the 
most effective strategy. When individuals utilize different strategies that alter their own 
survival or reproductive output, the population as a whole can be affected by the life-
history choices. In a world dominated by anthropogenic change, it is crucial to 
understand how individuals inform population dynamics that in turn determine the 
persistence of a species. 
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Table 6-1. Immune and reproductive trade-offs via laboratory experiments. 
 
Species  Challenge   Outcome       Citation 
Urosuarus ornatus  Cutaenous biopsy & food restriction Trade-offs between immune and reproductive systems only occurred with limited  (French et al. 2007a) 
       resources 
 
Urosuarus ornatus  Cutaneous biopsy, follicle-stimulating,  Suppressed wound healing during vitellogenesis when food was limiting;  (French et al. 2007b) 
   hormone (FSH), & food restriction FSH increased reproductive investment and suppressed wound healing 
 
Urosuarus ornatus  Cutaneous biopsy   Suppressed wound healing in mid-reproductive season in laboratory  (French and Moore 2007) - 
       housed males 
 
Uta stansburiana  Cutaneous biopsy & restraint stress Suppressed bactericidal ability after restraint stress in wounded lizards, but   (Neuman-Lee and French 2014) 
       faster early wound healing correlated positively with bactericidal ability 
 
Uta stansburiana  Cutaneous biopsy   Advanced reproductive stage correlated with more N15 being deposited into  (Durso & French, in review) 
       follicles at the expense of healing wounds 
 
Uta stansburiana  Cutaneous biopsy &    Biopsies deceased metabolic rate while LPS did not, although it did increase  (Smith et al., in review) 
   lipopolysaccharide (LPS)  bactericidal ability. The greater the decrease in metabolic rate, the greater the 
       wound healing rate 
 
Uta stansburiana  Cutaneous biopsy   Greater wound healing rate correlated negatively with spring speed   (Hudson et al., in prep) 
 
Uta stansburiana  Cutaneous biopsy & FSH  Biopsies decreased metabolic rate; FSH increased it. N15 trade-off observed  (Smith et al., in prep) 
       In absence of FSH, but FSH injected reversed the trade-off 
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Table 6-2. Immune and reproductive trade-offs observed in wild animals (field studies). 
 
Species  Challenge   Outcome       Citation 
Urosuarus ornatus  Cutaneous biopsy   Suppressed wound healing during vitellogenesis in females in the wild  (French and Moore 2007) 
 
Urosuarus ornatus  Urban-rural gradient   Urban lizards had lower heterophil:lymphocyte ratios but higher overall leukocyte  (French et al. 2008) 
       counts 
 
Amblyrhynchus cristatus Ecotourism, cutaneous biopsy,   Suppressed wound healing & hemolytic complement activity at tourist sites.  (French et al. 2010) 
   & restraint stress   Baseline bactericidal ability similar, but post-stress ability suppressed at tourist sites 
 
Uta stansburiana  Urban-rural gradient   Reduced survival and immunocompetence at urban sites, but increased   (Lucas and French 2012) 
       reproductive investment 
 
Uta stansburiana  Urban-rural gradient   Isotope signatures between urban and rural lizards indicate different diets.   (Durso et al., in prep) 
       These nutritional differences can be predictive of bactericidal ability & stress reactivity 
 
Uta stansburiana  Latitudinal gradient   Longer-lived northern animals had increased bactericidal ability & reduced  (Smith et al., in prep) 
       reproductive investment compared to southern lizards in 2012, but drought  
       conditions reversed this trend in 2013 
 
Uta stansburiana  Urban-rural gradient   Reproductive investment increased at the expense of bactericidal ability in  (Smith et al., in prep) 
       wetter years in urban & rural sites. Trend reversed in drier years, & urban lizards 
       changed more in response to precipitation. Survival greater in rural populations 
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 The Lizards of Washington County: Research and Conservation. The Dixie 
Forum. Dixie State University, Saint George, Utah (January, 2017; pending). 
 Human Physiology (four lectures), Dr. Brett Adams (USU; 2015-2016). 
 Comparative Animal Physiology (two lectures), Dr. Lorin Neuman-Lee (USU; 
2015-2016). 
 Biology and the Citizen (one lecture), Dr. Gareth Hopkins (USU; 2015) 
 Field Science and Biodiversity (two lectures), Nick Kiriazis (Venture High 
School, Marriot-Slaterville, Utah; (2014 and 2016). 
‡ undergraduate presenter 
 
Extracurriculars and Certifications: 
 University Student Fee Board (USU; Fall 2016-present) 
 Student Health Advisory Committee (USU; Fall 2016-present) 
 College of Science Graduate Student Representative (USU Student Association; 
Fall 2016-present) 
 Biology Graduate Student Association President (USU; Winter 2015-present) 
 Biology Graduate Student Association Vice President (USU; Fall 2015-Winter 
2015) 
 Biology Graduate Student Association Treasurer (USU; Fall 2013-Fall 2014) 
 Department of Biology Curriculum Committee (USU; Fall 2014-Fall 2015) 
 Ecology Center Seminar Committee (USU; 2013-2014) 
 Biology Club President (UCA; Fall 2007-Fall 2008) 
 Local Harvest President (UCA; Fall 2006-Fall 2007 
180 
 
 
 Wetland Delineation Certification (Wetland Training Institute, Glenwood, New 
Mexico; 2011) 
 Leopold Education Project Certification (UCA; 2007) 
 Getting Started as a Successful Proposal Writer and Academician (February, 
2012) 
 
Mentorship/Training 
 Dr. Lorin Neuman-Lee (graduate student)— metabolic measuring techniques 
 Dr. Gareth Hopkins (graduate student)— radioimmunoassays and oxidative stress 
assays 
 Dr. Andrew Durso (graduate student)— radioimmunoassays and oxidative stress 
assays 
 Alison Webb (graduate student)— metabolic measuring techniques, 
radioimmunoassays, and oxidative stress assays 
 Spencer Hudson (graduate student)—field techniques, metabolic measuring 
techniques, and radioimmunoassays 
 Emily Virgin (graduate student)—radioimmunoassays 
 Richard Walker (graduate student)—field techniques, bacterial killing assays, and 
radioimmunoassays 
 Austin Spence (undergraduate)—mentored through two independent projects (one 
published and one in review) and multiple presentations 
 Marilize Van der Walt (undergraduate)—mentored two independent projects and 
multiple presentations, including a successful vet school interview 
 Dacia Hunter (undergraduate)—mentored one independent project and poster 
presentation 
 Alex Berryman (undergraduate)—mentored one project and poster presentation 
 Sydney Greenfield (undergraduate)—mentored one project and poster 
presentation 
 Tyler Hansen (undergraduate)—mentored one independent project and poster 
presentation (published) 
 Eleanor Watson (undergraduate)—mentored one project 
 John Petit (undergraduate)—mentored one project 
 Jennica Blasi (undergraduate)—mentored one project 
